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ABSTRACT 
To achieve successful restoration of injured tissue, wound healing processes must 
be tightly regulated. Previously, we demonstrated that when injury to corneal epithelium 
occurs, nucleotides and neuronal factors are released to the extracellular milieu, 
generating a Ca2+ wave from the origin of the wound to neighboring cells. Ca2+ 
coordinates early wound repair mechanisms important for cell migration andre-adhesion 
to the basement membrane. The communication between innervating neurons and 
epithelial cells appears to be mediated by Ca2+ mobilization post-injury through signaling 
between purinergic and N-methyl-D-aspartate (NMDA) receptors. Using the cornea as a 
wound model, we examined how a pathological condition such as hypoxia impedes re-
epithelialization after injury. We hypothesized that hypoxia causes delayed wound 
vii 
closure by inducing changes in early cellular responses after injury such as Ca2+ 
mobilization, eventually leading to changes in the regeneration of injured tissue. We used 
both in vitro and ex vivo models including primary neuronal cultures, epithelial cultures 
and organ cultures. A signal-sorting algorithm was developed to determine dynamics of 
Ca2+ signaling between neuronal and epithelial cells post-injury. The location and 
crosstalk between activated cells in response to neuronal wound media under normoxic 
and hypoxic conditions were determined and injury-induced Ca2+ dynamic patterns 
changed in response to decreased oxygen levels. Alterations in Ca2+ dynamics were 
associated with an overall decrease in ATP, changes in purinergic receptor-mediated Ca2+ 
mobilization and localization ofNMDA receptors. There was a change in the activation 
of paxillin and deposition of fibronectin along the basal lamina, both factors involved in 
cell migration. Furthermore, we observed changes in the extracellular matrix proteins in 
the stroma including collagens and proteoglycans. Our results indicate that hypoxia 
induces changes in nucleotide/glutamate-induced Ca2+ mobilization that ultimately 
attenuates cell-cell communication and wound closure. 
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1. Introduction 
Anatomy of the cornea 
The term "cornea" is believed to be named by the Greek physician Galen (C. 129-
199 AD). He named the transparent, tough, and hom-like side of the eye from the Greek 
word Corneus (homey) (Klintworth, 1977). The cornea is an avascular, transparent tissue 
that is attached with the opaque sclera at the comeosclerallimbus (Zinn&Mockel-Pohl, 
1973 ). In average human adults, the cornea measures 11.5 to 12.6 mm horizontally and 
about 1 mm vertically. The cornea has a thickness of 0.5-0.6 mm, which slightly 
increases toward the periphery (DelMonte&Kim, 201 1, Rufer, Schroder,&Erb, 2005). 
The cornea comprises three main compartments: epithelium, stroma and endothelium 
(Fig. 1-1 B). The epithelium is the outermost layer ofthe cornea. It makes up 10 percent 
of the cornea's thickness, about 40 to 50 microns in adult humans. The corneal 
epithelium consists of four to six layers of non-keratinized and stratified squamous cells 
where the basal layers tum over every one to two weeks (Ehlers, 1970). The most 
superficial cells are two to three layers of flat polygonal cells that act as a barrier by 
maintaining tight junctions with their neighbors. Wing cells are located underneath the 
superficial layers and consist of 2 to 3 layers. Beneath the wing cells and anterior to the 
basement membrane is a single basal layer of cells. These cells become superficial and 
wing cells, as they are capable of dividing and migrating upwards to apical side. The 
basal cells are attached to the basement membrane by hemidesmosomes that prevent 
1 
separation of corneal epithelium from the underlying stroma (Chi&Trinkaus-Randall, 
2013, Grushkin-Lerner&Trinkaus-Randall, 1991, Wiley, SundarRaj, Sun,&Thoft, 1991). 
The stroma is sandwiched between two basement membranes and comprises about 
90 percent of the corneal thickness. Keratocytes are the predominant cell type in the 
stroma, and lie between collagen lamellae. They constitute three to five percent of the 
stroma and their main role is to synthesize collagen fibrils and other matrix proteins to 
maintain the integrity of the cornea. The stroma is arranged as stacked lamellae of 
collagen fibrils. The collagen fibers are organized as parallel bundles known as fibrils, 
and these fibrils form parallel layers, or "lamellae." There are about 200 to 250 lamella 
found in the stroma of the human eye arranged orthogonally to each other (Maurice, 
1970). The predominant collagens in the human cornea are types I, III and V. The precise 
structure of collagen fibrils, which is surrounded by proteoglycans with associated 
glycosaminoglycan (GAG) chains, provides corneal transparency and mechanical 
resistance to external and intraocular pressure (Newsomeet al., 1981, 
Zhuravlev&Anufriev, 1984). 
Proteoglycans play an important role in matrix assembly of the stroma by 
interacting with collagen fibrils (Fig. 1-1 C). The predominant GAGs found in the 
unwounded cornea, categorized by their GAG side chains, are chondroitinldermatan 
sulfate and keratan sulfate and a minor amount ofheparan sulfate. Lumican with keratan 
sulfate side chains is involved in the assembly of collagen fibrils. The lumican knockout 
mice display corneal opacity with age, which is attributed to changes in collagen fibril 
2 
architecture (Chakravartiet al., 2000). Decorin is another prominent proteoglycan in the 
stroma that mediates collagen fibrillogenesis (C. T. Brownet al., 2002). During 
fibrillogenesis, decorin has been shown to interact with transforming growth factor beta 
(TGF -~) and epidermal growth factor (EGF) receptors. In a decorin null mouse model, 
alterations in collagen fibril morphology and reduced tensile strength 9f the skin were 
detected after injury. (Danielsonet al., 1997, Iozzo&Murdoch, 1996). In addition, when 
the synthesis of dermatan sulfate proteoglycan was blocked, there was change in the 
interface between fibrils, while fibril diameter was not altered (Hahn&Birk, 1992, 
Nakazawa, Suzuki,&Wada, 1995). 
The synthesis and regulation of the proteoglycan types change with corneal injury. 
After stromal injury, there is a transition from organized collagen lamellae to abnormally 
large and disorganized collagen fibrils, indicating a change in properties of the 
proteoglycans (Connon&Meek, 2003, Hassell, Cintron, Kublin,&Newsome, 1983). 
Investigators have shown that corneal injury induces a decrease in the amount of keratan 
sulfate and its sulfation, and an increase in dermatan/chondroitin sulfates after injury 
(Funderburgh, Cintron, Covington,&Conrad, 1988). Additionally, heparan sulfate is 
detected in wounded corneas (C. T. Brown, Applebaum, Banwatt,&Trinkaus-Randall, 
1995). Perlecan is known to play a role in the homeostasis ofboth the corneal epithelium 
and the stroma. It is a large multimeric heparan sulfate proteoglycan, that when produced 
by epithelial cells, is localized in the basement membrane zone. In the P2X7 receptor null 
mice, a ligand-gated cation channel, perlecan is absent in the basement membrane zone, 
3 
which may contribute to the fragility of the epithelium. In contrast, it is present at higher 
levels in the stroma (Mankus, Chi, Rich, Ren,&Trink:aus-Randall, 2012). Perlecan-
deficient mice present with a lack of integrity and alterations in the differentiation of the 
corneal epithelium (Inomataet al. , 2012). In addition, when TGF-Bl and serum were 
added to a corneal fibroblast culture system to mimic injury, the secreted proteoglycans 
found in the media were decorin and perlecan, highlighting the important role of these 

















• Collagen fibrils 
c Proteoglycans 
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Figure 1-1. Anatomy of the eye and structure of the cornea. A. Cross sectional view 
of the eye. B. A generalized schematic of the cornea. C. Schematic of arranged collagen 
fibrils (blue) and proteoglycans (yellow) interspaced between fibrils in the cornea. 
Longitudinal (left) and transverse views (right box) are shown. 
7 
A global view of corneal wound healing 
The cornea refracts light for proper vision indicating that the correct maintenance 
of corneal transparency is critical. The cornea is constantly exposed to the environment, 
and acts as a protective barrier. Furthermore, the integrity of the corneal structure must be 
sustained to provide resistance to the intraocular pressure. Thus, when there is an injury 
to the cornea, proper wound healing is crucial. This tissue is an excellent model for 
studying wound healing processes as it is avascular and transparent, and a simpler system 
than other epithelia. Corneal wounds can be caused by traumatic injury, chemical bums, 
refractive surgery, and UV irradiation (Lu, Reinach,&Kao, 2001). After traumatic injury 
to the cornea, rapid epithelial wound closure is required to regain integrity and 
physiology of normal corneal function. The outermost layer of the cornea is the 
epithelium, where the apical cells contact each other via tight junctions. It protects the 
rest of the cornea by repelling noxious foreign materials from the outside. Thus, rapid 
healing of the epithelium is required to regain corneal function after injury. 
Wound repair activates multiple events to induce changes in cell attachment, 
migration, and proliferation, as well as matrix assembly (C. T. Brownet al. , 1999, 
Chi&Trinkaus-Randall, 2012, Gipson, Spurr-Michaud, Tisdale,&Keough, 1989). In the 
cornea, re-epithelialization after injury depends on the ability of the corneal epithelium to 
undergo continuous renewal and migration. The proliferation and differentiation of 
epithelial cells occurs after wound closure, and depend on the stem cells that reside in the 
limbus. This limbal epithelium is present in the transitional area of the peripheral cornea, 
8 
where the epithelium and stroma meet and contains melanocytes, Langerhan cells, and 
underlying blood vessels (Luet al. , 2001). 
When a corneal epithelial abrasion occurs, surrounding epithelial cells migrate as 
a sheet to cover the wound bed: the leading edge moves along with the more superficial 
cells towards the wound area and migration stops when the cells make contact with other 
migratory cells from the opposing side. Along with the activated cell migration, epithelial 
attachment to the basal lamina changes to support migrating cells via lamellipodia 
formation and cytoskeletal network remodeling. During this period, a variety of adhesion 
proteins and extracellular matrix components undergo synthesis and rearrangement 
processes. Epithelial cell migration and attachment to the basal layer is modulated by 
focal adhesion proteins such as vinculin, talin, focal adhesion kinase (F AK) and paxillin. 
These proteins interact with integrins, which are cell surface glycoproteins that bind to 
extracellular matrix proteins such as fibronectin and larninin (Haq&Trinkaus-Randall, 
1998, Trinkaus-Randall, Newton,&Franzblau, 1990). 
Proteins involved in cell adhesion and migration after injury 
The cell adheres and interacts with the membrane via focal adhesion complexes 
during wound healing (Fig. 1-2). As previously mentioned, the actin cytoskeletal 
reorganization occurs through focal adhesion proteins. One of the major components of 
the focal adhesion complex is paxillin. Paxillin is a 68-kDa protein (557 amino acids), 
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which was first described as a focal adhesion protein exhibiting an increase in tyrosine 
phosphorylation upon v-src expression (Glenney&Zokas, 1989). It is a binding partner 
for the focal adhesion and actin binding proteins such as vinculin and focal adhesion 
kinase (F AK) (M. C. Brown& Turner, 2004). Paxillin consists of structural domains that 
have multiple binding sites for other adaptor proteins, including the amino terminus with 
five leucine-rich domains termed LD motifs and four double zinc finger lin-1 , isl-1 , mec-
3 (LIM) domains. 
The principal function of paxillin during corneal wound repair is to regulate the 
directed migration of epithelial cells, which is a requisite for proper wound closure. In 
response to chemoattractants such as growth factors and nucleotides that are released 
with injury, complex coordination of actin and tubulin network remodeling occurs, 
termed polarization. This process leads to the membrane ruffling and the formation of 
lamellipodia at the leading edge of migrating cells. (Lamorte, Rodrigues, Sangwan, 
Turner,&Park, 2003). Paxillin contributes to the stabilization of protrusion and forward 
motion of the cell by mediating the assembly of focal adhesion complexes via its 
phosphorylation and binding to other adaptor proteins (Fig. 1-2). 
One report highlighted the importance of paxillin in remodeling the cytoskeletal 
complex. A global reorganization of the cell is necessary for efficient cell migration. This 
process requires coordination of orienting microtubule frameworks towards lamellipodia 
via remodeling of the Golgi towards the leading edge ofthe cell. When paxillin is 
mutated so that it lacks the LD4 motif expression, the reorientation of the Golgi is 
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inhibited, resulting in a loss of cell polarity due to defects in oriented protrusions (M. C. 
Brown&Turner, 2004} · · 
Paxillin has numerous serine/threonine and tyrosine phosphorylation sites that help 
relay extrinsic cues to intracellular downstream targets. Early studies have shown that 
integrin clustering can result in its tyrosine phosphorylation via upregulation ofF AK and 
Src kinases (Haq&Trinkaus-Randall, 1998). A wide range oftransmembrane receptors 
such as purinergic and receptor tyrosine kinases (RTK) receptors can induce paxillin 
phosphorylation in response to changes in extracellular environment. 
In the cornea, nucleotide-induced purinergic signaling pathway modulates the 
site-specific phosphorylation of paxillin. The stimulation of human corneal epithelial 
cells (HCE-T) by tri-nucleotides led to the phosphorylation of paxillin at tyrosine118 (Y118) 
in a dose dependent manner (Klepeis, Weinger, Kaczmarek,&Trinkaus-Randall, 2004). 
Our recent work demonstrates that stimulating epithelial cells with A TP or UTP induces 
phosphorylation of five residues including Y118• In addition, when the P2Y2 receptor, a 
G-protein coupled receptor, was knocked down, there was a significant decrease in the 
phosphorylation ofpaxillin at the Y118 site (Kehasse, 2013 , manuscript under review). 
ATP stimulation also increased the phosphorylation ofFAK at Y861. Therefore, we 
speculated that changes in nucleotide-induced Ca2+ mobilization lead to alterations in the 
phosphorylation state of paxillin, which may regulate corneal epithelial cell migration. 
Re-epithelialization occurs when the newly regenerated stratified epithelium 
anchors to the basal layer through the formation of linkage between integrins and 
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extracellular matrix proteins (Gipsonet al., 1989). Integrins are a family of integral 
membrane glycoproteins that mediate signals between the cytoskeleton and the 
extracellular matrix. They are heterodimers and consist of a and ~ subunits (Stepp, 2006). 
The extracellular part of the integrin has a ligand binding domain, which binds to specific 
extracellular matrix (ECM) components including collagen, fibronectin, laminin and 
fibrinogen (Fig. 1-2). For example, the ligand for the a6~4 integrin is laminin, and 
interactions between these two proteins play important role in the stability of 
hemidesmosomes. The a6~4 integrin is one of the major components ofthe 
hemidesmosomes in the basement zone that underlies the epithelium. The ~4 subunit 
binds to intermediate filament proteins on their cytosolic sides and regulates re-
assembly/regeneration of hemidesmosomes during wound repair of injured tissue (Stepp, 
2006). The av~6 integrin is known to increase its expression when normal epithelial 
physiology is compromised (Breusset al. , 1995). The av~6 integrin has shown to be a 
receptor for the ECM components including fibronectin, vitronectin, and tenascin. It also 
acts as the receptor for latency-associated peptide (LAP)-TGF -~, which induces the 
dissociation of LAP and the release of functional TGF-~ (Annes, Rifkin,&Munger, 2002). 
In the case of the cornea, recent work demonstrated that the av~6 integrin is linked to 
corneal wound repair. It regulates laminin production and restoration ofhemidesmosome 
. after corneal injury (Blanco-Mezquita, Hutcheon, Stepp,&Zieske, 2011). Additionally, 
researchers show that other members of the integrin family change in the corneal 
epithelium under pathological conditions including integrins a9~1 , a3~1 , and a8~1 
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(Ljubimov, Saghizadeh, Pytela, Sheppard,&Kenney, 2001, Pal-Ghosh, Pajoohesh-Ganji, 
Brown,&Stepp, 2004). 
Another class of matrix proteins important for epithelial cell attachment to the 
basement membrane zone are the laminins. They are hetero-trimers consisting of a , ~' 
andy subunits, and have been shown to be detected at the wound bed (Goldfmgeret al., 
1999). Intrinsic signaling from cells is transmitted to laminins by surface receptors 
including integrins. Eight integrins known to bind to laminins include a1~1, a2~2, a3~1, 
a6~1 , a6~4, a7~1, a9~1, and av~3 integrins (Durbeej, 2010). In the cornea, the primary 
integrin receptors for laminins are a3~1 and a6~4, while a1~1 and a2~1 integrins 
primarily bind to collagens (Stepp, 2006). 
While laminins modulate epithelial adhesion to the basement zone through integrins, 
fibronectin can be considered to be a "wound marker" that mediates epithelial cell 
migration (Fig. 1-2). Fibronectin is transiently deposited along the basal lamina in 
response to corneal injury, and acts as a matrix to supports migratory cells (Gipson, 
Watanabe,&Zieske, 1993). Fibronectin is a dimeric extracellular matrix glycoprotein 
consisting of a and~ subunits, each with a mass of ~220kD. It serves as a binding partner 
for structural and signaling molecules such as integrins and proteoglycans. Integrins bind 
to fibronectin by interacting with an RGD (arg-gly-asp) sequence domain, which is 
present in type III loops of cell binding regions of fibronectin. This interaction may form 
a transmembrane linkage between extracellular matrix proteins and cytoskeletal 
structures, which allows the cytoskeleton to exert its force to maintain tissue integrity 
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(Couchman, Austria,&Woods, 1990). In the cornea, the integrins that bind to fibronectin 
include av integrins (av~3 , av~5, av~6, av~8) , a5~1 and a9~1 (Stepp, 2006). Notably, 
a9~ 1 and av~6 are upregulated after corneal injury, whereas the unwounded normal 
cornea does not express these two integrins (Hutcheonet al., 2005). Fibronectin is also 
localized in the stroma, Descemet's membrane and the endothelium. Thus, one of 
fibronectin's functions in corneal wound healing is to stabilize epithelial cellular 
interactions with the basement membrane. In the corneal stroma, investigators have 
shown that fibronectin can regulate matrix components important for proper wound 
repair such as heparan sulfate proteoglycans (HSPGs). HSPG expression has been shown 
to increase with corneal injury (C. T. Brownet al. , 1995), and fibronectin can upregulate 
the appearance ofHSPGs (Richardson, Trink:aus-Randall,&Nugent, 2001). 
Signaling during wound repair 
Many biochemical pathways regulate the corneal wound response involving 
nucleotide/growth factor-mediated signaling cascades, cell-cell communication, and 
extracellular remodeling. Our laboratory has demonstrated that cell migration is achieved 
by the activation of signaling cascades involving purinergic signaling pathways 
(Boucheret al., 2011 , Klepeiset al., 2004). Wounded cells release nucleotides that 
stimulate both P2X and P2Y receptors, an ionotropic receptor and a G-protein coupled 
receptor, respectively. Activation of these P2 receptors induce an increase in intracellular 
Ca2+ by recruiting Ca2+ from both internal stores and the external environment. 
14 
Subsequently, Ca2+ mobilization promotes cell migration by transactivating EGF receptor 
signaling cascade and upregulating the phosphorylation of adhesion proteins that are 
important for focal adhesion assembly. Among the P2 receptors, P2Y2 and P2X7 
receptors have been shown to play a critical role in promoting these processes. (Boucher, 
Rich, Lee, Marcincin,&Trinkaus-Randall, 2010, Mankus, Rich, Minns,&Trinkaus-
Randall, 2011). Furthermore, we showed that neurons participate in the modulation of 
Ca2+ mobilization by producing neuronal factors that upregulate glutamatergic receptors 
such as N-methyl-D-aspartic acid (NMDA) receptors (Oswaldet al., 2012). This work 
demonstrates how Ca2+ facilitates cell-cell communication and regulates feedback 
response from neurons after injury. 
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focal adhesion complex: 
paxillin, FAK, talin, vinculin 
actin stress fiber 
Figure 1-2. Schematic of proteins involved in cell adhesion and migration after 
injury. Integrins bind to extracellular matrix ligands in the extracellular part of the cell 
membrane, and also interact with the focal adhesion complex during cytoskeletal 
reorganization. 
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Innervation of the cornea and the glutamatergic signaling pathway. 
The cornea is a highly innervated tissue. The anterior segment of the eye is 
innervated by neural processes from three ganglia: the trigeminal, the superior cervical, 
and the ciliary ganglia. A dense network of nerve endings derived from the stromal 
branches of the trigeminal nerve penetrates the epithelium, forming a group of nerve 
fibers known as epithelial leashes, making the cornea highly sensitive to touch and pain 
(Muller, Marfurt, Kruse,&Tervo, 2003 , Muller, Pels,&Vrensen, 1996). Damage to or 
changes in corneal innervation may induce alterations in epithelial morphology, function, 
permeability, tear film production, and wound healing (Beuerman&Schimmelpfennig, 
1980, Niederer, Perumal, Sherwin,&McGhee, 2007, Tuisku, Konttinen, 
Konttinen,&Tervo, 2008). 
Innervation by the trigeminal nerve has been shown to play an important role in the 
maintenance of corneal integrity. The sensory neurons release neuronal factors upon 
injury that affect cell migration and growth in the cornea, and the loss of neuronal 
functions leads to many pathological conditions in the eye (Arakiet al. , 1994, Davidson, 
Coppey, Holmes,&Yorek, 2012, De Cillaet al. , 2009, Patel&McGhee, 2009). However, it 
is still unclear exactly which neurotransmitters play a modulatory role during corneal 
wound repair. One potential candidate is glutamate and its receptors, and investigators 
have shown that glutamatergic receptors play an important role in the regulation of 
corneal function (Bereiter&Bereiter, 1996, Oswaldet al. , 20 12). Glutamate binds to either 
metabotropic G-protein coupled receptors (mGluRs) or to ionotropic receptors including 
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2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl) propanoic acid (AMP A), N-methyl-D-
aspartate (NMDA) and kainate receptors. As epithelial cells did not respond when 
stimulated with AMP A or kainite, and did respond to NMDA and glutamate, we focused 
on NMDA and glutamate receptors and their role in corneal wound repair. We 
demonstrated that both neuronal and epithelial cells express a class of synaptic glutamate 
and NMDA receptors. Transcripts ofNMDAR 1, 2A, 2C, 2D, 3A and 3B subunits were 
detected using reverse transcriptase polymerase chain reaction (RT-PCR). In addition, 
when HCLEs were treated with wound media from neuronal cells, there was an increase 
in the expression ofNMDA receptors 
NMDA receptors play important roles in many physiological and pathological 
conditions including but not limited to synaptic transmission, synaptic plasticity, learning 
and memory, neuronal development, excitotoxicity, stroke, and seizures 
(Monaghan&Jane, 2009). The receptor is a ligand-gated ionotropic receptor, which 
allows the influx of both monovalent and divalent cations including Ca2+ (Fig. 1-3). 
NMDA receptors are heterotetrameric, consisting of multiple subunits such as NR1 , NR2 
(A, B, C and D) and NR3 (A and B). In particular, NR1 and NR2 subunits have been 
shown to be essential for the formation of functional NMDA receptor channels. Each 
subunit shares homologous structures, and consists of an extracellular N-terminal, four 
hydrophobic amino acid segments (M1-M4) and an intracellular C-terminal 
(Monaghan&Jane, 2009). Glutamate-induced activation of the receptor requires glycine 
as a co-agonist. The glycine binding site is localized on the NR1 subunit, whereas the 
19 
glutamate binding domain is localized on the NR2 subunit (Fig.l-3) (Hirai, Kirsch, Laube, 
Betz,&Kuhse, 1996). The glutamate-glycine binding domains are formed by joining S1 
and S2 segments. The S 1 segment is composed of approximately 120 amino acids, and is 
located between the amino terminal domain (ATD) and the first transmembrane 
hydrophobic domain (M1). The S2 segment is located on the extracellular loop between 
the third and fourth transmembrane domains (M3 and M4). In its resting state, NMDA 
receptor function is inhibited by extracellular Mg2+. 
A list of agonists and antagonists to NMDA receptors is summarized in Table 1-1. 
The most potent agonist for the NMDA receptors is (S)-glutamate (Watkins, 1981 ). 
Although NMDA exhibits a lower potency than (S)-glutamate as an agonist, it is highly 
selective for the NMDA receptors. The characteristic structure ofthe receptor that allows 
for specificity to NMDA is the presence of an aspartate residue in the binding pocket of 
the NR2 subunit. In the case of AMP A and kainate receptors, a glutamate residue is 
located in the place of aspartate (Furukawa, Singh, Mancusso,&Gouaux, 2005). 
A number of synthetic antagonists have been used to study the functions ofNMDA 
receptors (Table 1-1 ). In early studies, antagonists that compete for the glutamate and 
glycine bindings sites were generated by modifying the (S)-glutamate structure including 
that of (R)-a-aminoadipate ((R)-a-AA) and (R)-2-amino-5-phosphonopentanoate. These 
specifically antagonize the NMDA receptors, but do not block AMP A or kainate 
receptors (Davies& Watkins, 1982). In addition, pharmacological agents that block 
NMDA receptor channels have been developed. These non-competitive antagonists, such 
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as phencyclidine (PCP), ketamine, and MK-801, block open channels in a voltage-
dependent manner. Interestingly, the composition of the subunit is related to the binding 
ofMK-801. For example, the receptors that contain the Ni:UC subunit exhibit slower 
channel blocking, while those that contain NR2A or NR2B subunits have faster channel 
blocking kinetics. (Monaghan&Larsen, 1997). 
Other antagonists inhibit NMDA receptors by specifically binding to the NR2B 
subunit, such as ifenprodil (Table 1-1). This antagonist binds to a domain different from 
the glutamate and glycine binding sites, called the ATD domain. Thus, it is thought that it 
inhibits the NMDA receptors via an allosteric inhibition (Gallagher, Huang, 
Pritchett,&Lynch, 1996). 
The NMDA receptors can induce both neuronal death and survival and this dual role 
was termed "the NDMA receptor paradox" by Hardingham and Bading in 2010. For 
example, sustained glutamate application results in neurotoxicity in the retina 
(Lucas&Newhouse, 1957). Later, it was proposed that the NMDA receptor-mediated 
Ca2+ influx and subsequent increase in intracellular Ca2+ concentrations induce neuronal 
cell death in the brain (Choi, Koh,&Peters, 1988, Choi, Weiss, Koh, Christine,&Kurth, 
1989). In contrast, a number of concurrent studies have shown that the NMDA receptors 
support neuron survival in many pathological conditions. Either removal or inhibition of 
NMDA receptor function induces neurodegeneration when developing neurons are 
injured (Gould, Cameron,&McEwen, 1994, Hetman&Kharebava, 2006). In addition, the 
exposure to NMDA antagonists exacerbates the progressive neuronal cell death of the 
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basal ganglia in the human adult brain during trauma-induced injury (Ikonomidou, 
Stefovska,&Turski, 2000). Our work showed that the release of glutamate from 
trigeminal nerves coordinates communication between neuronal and epithelial cells and 
promotes corneal wound repair (Oswaldet al. , 2012) Taken together, the functions of 
NMDA receptors may induce neuronal cell death and survival. 
Researchers have suggested that the fate of cell survival is dependent on the level 
ofNMDA receptor activity. Excessive Ca2+ influx generally induces cell death, whereas a 
moderate degree of ci+ entry is beneficial for cell survival (Gouldet al. , 1994). However, 
recently an alternative model for the "NMDA receptor paradox" has been proposed. 
According to this model, the location of the NMDA receptor localization determines 
whether it supports cell survival or death. Synaptic NMDA receptors are thought to be 
neuroprotective, whereas extrasynaptic NMDA receptors are neurodestructive 
(Hardingham&Bading, 2010). Although extrasynaptic NMDA receptors initiate a lower 
Ca2+ influx compared to that of synaptic NMDA receptors, they been shown to 
degenerate neuronal cells in the hippocampus and the cortisol upon activation (Leveilleet 
al., 2008). Extrasynaptic NMDA receptors seem to activate pro-death signaling pathways 
including the forkhead transcription faCtors (FOXO) and calpain, and inhibit pro-survival 
signaling such as the extracellular signal-regulated kinases (ERKl/2) pathway (Ivanovet 
al., 2006). In contrast, synaptic NMDA receptors enhance neuroprotection by sustaining 
protective features including the activation of the survival genes that are important for the 
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cell viability such as the promotion of mitochondrial functions, enhancing antioxidant 
activities, and blockade of caspase activation. 
At first glance in the cornea, one would predict that NMDA receptors expressed 
in the cornea epithelium are extrasynaptic. However, the cornea is highly innervated by 
nerve branches that originate from trigeminal nerves indicating that synaptic NMDA 
receptors may exist and play a protective role. Recent work has shown that innervating 
neurons from trigeminal ganglia form synapse-like structures with apical corneal 
epithelial cells in developing chicken embryonic corneas. In this complex, the 
localization of synaptic vesicle component (SV 2) was detected, whose main function was 
to store and transport neurotransmitter at the synapse. This fmding suggests that synaptic 
NMDA receptors may interact with corneal epithelial cells and modulate Ca2+ signaling 
pathways that lead to corneal cells survival (Kubilus&Linsenmayer, 2010). 
23 
Agents that act on the glutamate binding site Agents that act on the glycine binding site on 
on the NR2 subunit the NR2 subunit 
Agonists Antagonists Agonists Antagonists 
(5)-glutamate D-AP5 Glycine CNQX 
NMDA CGP 37849 D-serine DNQX -
Tetazolyglycine CGS 19755 ACPC ACEA-1021 
Kynurenic 
(2s,1'R.2'S)-CCG PMPA ACBC acid 
Trans-ABCD CPP R-HA-966 





Agents that selectively block the NR2B 
Channel blockers subunit 
Phencyclidine ifenprodil 




Table 1-1. List of agonists and antagonists for NMDA receptors. The list was obtained 









Figure 1-3. A schematic of the generalized topology of the NMDA receptor, which is 
an ionotropic receptor that mediates the influx of Ca2+ upon activation. The 
glutamate binding site is localized on the NR2 subunit, and the glycine binding site is 
located on the NRl subunit. 
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Purinergic signaling in the cornea 
When epithelial cells are injured, intracellular contents are released to the 
extracellular space. Among those molecules, a family of nucleotides including purines 
(adenosine, ADP and ATP) and pyrimidines (UDP and UTP) can act as signaling 
molecules that relay extrinsic signals via cell surface receptors known as purinergic 
receptors. Not only does damage to the epithelium release ATP, but epithelial cells can 
regulate A TP release by either one or combination of mechanisms including transport via 
ATP-permeable membrane channels and exocytic release of ATP using vesicles (Fitz, 
2007, Okadaet al., 2004). Through the purinergic signaling pathway, nucleotides exhibit 
potent modulatory roles in regulating a wide range of cellular functions. Importantly, 
ATP has been shown to play a critical role in the promotion of corneal wound repair, as it 
activates multiple purinergic receptors. Activation of purinergic receptors has been 
shown to generate a Ca2+ wave and subsequent upregulation of intracellular pathways 
important for cell migration and growth (Boucher, Yang, Mayo, K.lepeis,&Trinkaus-
Randall, 2007, Weinger, K.lepeis,&Trinkaus-Randall, 2005). 
ATP is considered a universal energy currency that is generated through glycolysis in 
the cytosol and oxidative phosphorylation in the mitochondria (von Ballmoos, 
Wiedenmann,&Dimroth, 2009). Generally, the intracellular ATP concentrations in 
mammalian cells range from 0.5-10 mM (Huanget al., 2010, Zhouet al., 2012). Chick 
corneas have an average of2 ~-tg/0.2 mL of ATP ( ~19.7 ~-tM), where the epithelium and 
the stroma contained 10.1 and 7.5 ~-tM of ATP, respectively (Herrmann&Lebeau, 1962). 
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In addition, rabbit corneal epithelium contains approximately 21 nM/mg, while the 
endothelium has 17 nM/mg. Notably, in anoxia, the concentrations of ATP decreased 
approximately by 1.41 and 0.88 nM/mg for the epithelium and the endothelium, 
respectively (Masters, Ghosh, Wilson,&Matschinsky, 1989). 
Purinergic receptors 
There are two main subtypes of purinergic receptors; adenosine/PI receptors and P2 
receptors (Ralevic&Burnstock, 1998). This thesis will focus on the P2 receptor families: 
P2Y (G-protein coupled receptors (GPCR)) and P2X (ligand gated ion channels). Both 
P2Y and P2X receptors are widely distributed in almost all human tissues including the 
central nervous system, peripheral nervous system, blood cells and immune cells. 
Notably, we showed that trigeminal nerves express a variety ofP2Y(1,2,4,6,12) and P2X 
(1,2,3,4,5,6,7) receptors (Oswaldet al. , 2012), where the corneal epithelium express P2Y 
(1,2,4,6,11 ,12) and P2X (4,5,6,7) receptors (Mankuset al., 2011). 
Our lab has shown that among purinergic receptors, P2Y2 and P2X7 receptors 
play an important role in corneal wound healing. These receptors facilitate an injury-
induced Ca2+ wave propagation from the wounded site and subsequent changes in cellular 
response, augmenting corneal wound repair (Klepeiset al., 2004, Weingeret al., 2005). 
While P2Y2 receptors induce Ca2+ release from intracellular organelles via the IP3-
mediated pathway, P2X7 receptors allow Ca2+ entry from the extracellular space upon 




P2Y receptors are a family of G-protein coupled receptors that can be activated by 
purines and pyrimidines. To date, eight subtypes ofP2Y receptors have been identified 
(P2Y1, 2, 4, 6, 11-14). P2Y receptors are composed of308 to 388 amino acids and have a 
mass of 41 to 53 kDa. In general, they are seven transmembrane (TM) tertiary structures 
rich in positively charged amino acids in TM domains 3, 6 and 7. These domains are 
thought to serve as a binding site for the negatively charged phosphates of A TP 
(Fields&Bumstock, 2006). Related work has shown that these domains are conserved in 
other G-protein coupled receptors (Fig 1-4). Mutagenesis ofthese positively charged 
amino acids in the P2Y2 receptor has induced a decrease in the binding of A TP and UTP 
by 100 to 850 fold (Erbet al., 1995). The specific P2Y receptors have a range of ligand 
specificity to ATP, ADP,UTP and UDP. More specifically, P2Y2, P2Y5 and P2Y6 
receptors are activated by both purine and pyrimidine nucleotides such as UTP and A TP, 
whereas nucleoside diphosphates have a higher potency for P2Y1, P2Y12 and P2Y13 
receptors. List of agonists and antagonists for P2 receptors are summarized in Table 1-2. 
Upon activation, P2Y receptors exchange the a~y subunits of G-protein bound GDP 
for GTP, which induces release ofthe a subunit. The released a subunit stimulates the 
formation of phospholipase C-~, which cleaves phosphoinositol 4,5-bisphosphate (PIP2) 
to form diacylglycerol (DAG) and phosphoinositol triphosphate (IP3). The released IP3 
then activates the release of Ca2+ from internal stores such as the endoplasmic reticulum 
(ER), or the sarcoplasmic reticulum in muscle cells, by binding to its receptor on a ligand-
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gated Ca2+ channel that is expressed on the surface of the ER. The DAG then activates 
protein kinase C (PKC), which can further activate downstream targets through changes 
in the phosphorylation state. 
In the case of the corneal epithelium, the P2Y2 receptor is thought of as the alarm 
receptor and is a key player in epithelial wound healing process, whereas other P2Y 
receptors do not mediate the wound repair. Our laboratory has previous data showing that 
only P2Y2 mRNA increases as cells begin to migrate after injury (Boucheret al. , 2011). 
Thus, the initiation of Ca2+ release is a hallmark of the corneal wound healing process, 
with the P2Y2 being a first responder to relay signals upon injury. Other purinergic 
receptors such as P2X7 and P2Y 4 have been also shown to be expressed in corneal cells 
and play a modulatory role in the wound healing process (Mayo, Ren, Rich, 
Stepp,&Trinkaus-Randall, 2008). 
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P2Y Agonists Antagonists Epithelium Neurons 
2-MeSADP = ADP~S > 2- MRS2179, MRS2500, P2Y1 MeSATP = ADP > ATP, + + MRS2279, PIT 
MRS2365 
P2Y2 UTP = ATP, UTPyS, INS Suramin > RB2, AR- + + 
37217 C126313 
P2Y4 UTP ~ ATP, UTPyS RB2 > suramin + + 
P2Y6 UDP > UTP » ATP, UDPyS MRS2578 + + 
P2Y11 
AR-C67085MX > BzATP, Suramin > RB2, NF157 + ATPyS = ATP 
CT50547, AR-C69931MX, 
P2Y12 2-MeSADP~ ADP» ATP INS49266, AZD6140, + + 
PSB0413, ARL66096 
P2Y,3 ADP = 2-MeSADP» ATP and MRS2211 2-MeSATP 
P2Y,4 UDP glucose= UDP-galactose N/A 
P2X Agonists Antagonists 
a,~-meATP = ATP = 2- TNP-ATP, IP5 1, NF023, P2X1 MeSATP (rapid + 
desensitization), L-~. y-meATP NF449 
P2X2 
ATP~ ATPyS~ 2-MeSATP ,a,~- Suramin, isoPPADS, RB2, 
+ 
meATP NF770 
P2X3 2-MeSATP ~ATP ,a,~-meATP TNP-ATP, PPADS, A317491, + 
~Ap~ (rapid desensitization) NF110 
P2X4 ATP» ,a~-meATP, CTP, TNP-ATP (weak), BBG + + ivermectin (weak) 
P2X5 ATP» ,0~-meATP , ATPS Suramin, PPADS, BBG + + 
P2X6 N/A N/A + + 
P2X7 BzATP > ATP~ 2- KN62, KN04, MRS2427, + + 
MeSATP ,»a~-meATP Coomassie BBG 
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Table 1-2. List of Agonists and antagonists for P2 receptors, and their expression in 
trigeminal sensory neurons and in corneal epithelial cells. Abbreviations: BBG, 
Brilliant blue green; BzATP, 2'- and 3'-0-(4-benzoyl-benzoyl)-ATP; cAMP, cyclic AMP; 
CCPA, chlorocyclopentyl adenosine; CPA, cyclopentyl adenosine; CTP, cytosine 
triphosphate; Ins( 1, 4 ,5)P 3, inositol-1 , 4,5 -trisphosphate; I p51, di -inosine pentaphosphate; 
2-MeSADP, 2-methylthio ADP; 2-MeSATP, 2-methylthio ATP; NECA, 5'-N-ethyl-
carboxamido adenosine; NTS, nucleus tractus solaritus; PLC, phospholipase C; RB2, 
reactive blue. Table amended from Fields and Bumstock 2006. Data for the P2Y2 and 
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Figure 1-4. A schematic of the generalized structure of the P2Y2 receptor. 
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P 2X receptors 
Seven P2X receptors (P2X 1-7) have been identified. These are ligand-gated 
ionotropic receptors whose only naturally occurring ligand is ATP. Upon activation, 
homo- and hetero-trimeric subunit complexes of P2X receptors can form ion channels 
that are selectively permeable to cations such as Na+, K+, and Ca2+. P2X receptors consist 
of379 to 472 amino acids and have two functional domains conserved in other ligand-
gated ion channels. These two domains include an extracellular domain that contains a 
ligand-binding site and a transmembrane (TM) domain that can assemble into a pore (Fig. 
1-5) The two domains are connected by a hydrophilic loop of 270 amino acids, which 
contains disulfide bonds and N-linked glycosylation (Brake, Wagenbach,&Julius, 1994). 
Upon activation by ATP, P2X receptors facilitate the entering of cations (Na+, K+, Ca2+) 
to the cell, which results in an increase in intracellular Ca2+ and membrane depolarization. 
This depolarization induces a rapid recruitment of extracellular Ca2+ by activating 
voltage-dependent Ca2+ channels, which is thought to be a significant source for the 
increase in intracellular Ca2+. This process does not require the secondary upregulation of 
second messengers, allowing P2X receptors to modulate a rapid response in sensory 
neurons and the cornea (Ralevic&Burnstock, 1998). Several studies have demonstrated 
that elevated Mg2+ levels (1 0 mM) reduce the efficacy of P2X receptors (Lee, 
Jantaratnotai, McGeer, McLamon,&McGeer, 2011 , Mankuset al., 2011). In these studies, 
the presence ofMg2+ reduced BzATP-induced Ca2+ entry, indicating Mg2+ can act as an 
antagonist for P2X7 receptors. One of the functional outcomes was the decreased release 
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of pro-inflammatory factors from activated immune cells ( J antaratnotai, 
McGeer,&McLamon, 2012). 
Studies on the ATP-binding domains of the P2X receptors revealed specific 
biochemical properties. Site-directed mutagenesis studies on conserved polar residues in 
the extracellular loop ofthe agonist-binding site have shown that Lys67, Lys69, Arg295 , 
and Lys313 play an important role in recognizing the ATP binding (Roberts&Evans, 2006). 
Because these residues are two subunits, it was suggested that the interface between 
subunits is important for ATP affinity and specificity (Marquez-Klaka, Rettinger, 
Bhargava, Eisele,&Nicke, 2007). Thus, it is possible that the A TP binding to the P2X 
receptor may be altered by changing subunits. 
Several synthetic agonists for P2X receptors that are analogs of A TP have been 
developed (Table 1-2). Replacing oxygen in the phosphodiester bridge between the 
phosphate moieties of ATP with a methylene group generated a, ~-methylene-ATP (a~­
meATP) and ~,y- methylene-ATP (~y-ATP), which have higher potencies for P2X1 and 
P2X3 receptors, but do not activate P2Y receptors. When a terminal phosphate is 
replaced with a thio group, adenosine-5'-0-(3-thiotriphosphate) (ATPyS) is formed, 
which is relatively stable as it is resistant to hydrolysis by ectonucleotidases (Joseph, 
Pifer, Przybylski,&Dubyak, 2004). The most potent agonist for P2X and P2Y receptors is 
2-methylthio-ATP (2-meSATP), where a hydrogen on the adenine ring is substituted. 
2'(3')-0-4-benzoylbenzoyl)-ATP (BzATP) has been shown to activate P2X receptors, 
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exhibiting a high potency for the P2X7 receptor (Coddou, Yan, Obsil, Huidobro-
Toro,&Stojilkovic, 2011, Jacobson, Jarvis,&Williams, 2002). 
Among the P2X receptors, the P2X7 receptor gained our attention because it has 
been shown to play an important role in corneal wound repair (Mankuset al. , 2011 , 
Mayoet al., 2008). The P2X7 receptor is expressed in many cell types including neurons, 
immune cells, fibroblasts, endothelial cells, and epithelia. The receptor is a 595 amino 
acid protein with a unique long intracellular C-terminus with amino acids that contain 
binding domains for downstream targets and regions important for non-selective pore 
formation (Coddou, Stojilkovic,&Huidobro-Toro, 2011). Initially, the receptor was 
conceived as a 'death receptor', as it has been shown to cause cell death by 
permeabilizing the plasma membrane of rat mast cells through A TP-induced activation 
(Cockcroft&Gomperts, 1979). While stimulation with low ATP concentrations has been 
shown to form a membrane pore non-selectively permeable to small cations including 
Ca2+, whereas sustained stimulation with higher ATP doses (lmM) results in the 
formation of nonspecific pores permeable to larger molecules such as choline (100 Da), 
YO-PRO-I (376 Da), and propidium iodide (668 Da) (Hillman, Bumstock,&Unwin, 
2005, Markwardt, Lohn, Bohm,&Klapperstuck, 1997). Therefore, the P2X7 receptor can 
serve as a death receptor by forming membrane pores, allowing a large flux of Ca2+ and 
membrane blebbing. In contrast, recent studies have reported the role of the P2X7 
receptor in cell growth and tumor formation. The P2X7 receptor-mediated cell growth 
was first reported in T lymphocytes (Baricordiet al., 1996). Moreover, the P2X7 
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expression and function has been shown to be upregulated in B chronic lymphocytic 
leukaemia (B-CLL) patients with aggressive variants (Adinolfiet al., 2002). It is now 
widely accepted that the P2X7 receptor can modulate both cell death and proliferation, 
yet the exact signal transduction mechanism that drives contrasting functions of the P2X7 
receptor remains elusive. 
Loss of the P2X7 receptor in mice induced delayed re-epithelialization and 
weaker attachment of epithelial cells at the leading edge of wounds (Mayoet al., 2008). 
Furthermore, in vitro studies have shown that BzA TP stimulation enhances epithelial cell 
migration, whereas transfection with siRNA to the P2X7 receptor attenuates cell 
migration. In addition, sustained BzA TP stimulation did not induce dye uptake in 
monolayer cultures, but in stratified cultures, there was uptake at the most apical cells 
(Mankuset al., 2011). Mankus el al also identified P2X7 splice variants at both mRNA 
and protein levels, indicating the presence of both full-length and truncated forms of 
P2X7 receptors, which may explain the opposing roles of the P2X7 receptor in different 
cell types: a higher expression and function of full length P2X7 receptor induces cell 
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Figure 1-5. A schematic showing the generalized structure of the P2X receptor. 
Figure amended from Fields & Bumstock 2006 
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Ca2+ mobilization and its regulation 
Ca2+ signaling is capable of regulating signaling pathways involved in a variety 
of cellular functions. It has been shown to modulate neuronal activities, cell migration, 
proliferation, cell differentiation and cell to cell communication (Berridge, 
Lipp,&Bootman, 2000, Eliaset al., 2002). Cells utilize a transient increase in intracellular 
Ca2+ in response to various stimuli to relay extrinsic signaling to downstream targets. It 
activates cytosolic Ca2+ binding proteins such as protein kinases and phosphatases. 
Sources for a rise in cytosolic Ca2+ concentration could originate from either internal 
stores or external medium. Various second messengers, modulators and plasma 
membrane channels are involved in the induction of Ca2+ mobilization (Fig. 1-6). 
The basal cytosolic Ca2+ concentration is maintained at the low level ( ~ 1 00 nM), 
while it is in the millmolar range in the extracellular milieu (Clapham, 2007). 
Intracellular Ca2+ homeostasis is achieved by a class of A TPase pumps that are 
continuously active. The Ca2+ A TPase pumps are driven by ATP and pump Ca2+ into the 
ER (sarcoplasmic reticular Ca2+ ATPase) or to the outside ofthe cell (plasma membrane 
Ca2+ ATPase). These pumps are responsible for maintaining low levels of cytosolic Ca2+ 
by exchanging protons for one or two ci+ molecules per ATP hydrolyzed. In addition, 
Na+/Ca2+ exchangers and Na+/Ca2+-K+ exchangers contribute to intracellular Ca2+ 
homeostasis by exchanging Ca2+ ions for Na+ ions or K+ ions (Hilgemann, Yaradanakul, 
Wang,&Fuster, 2006). 
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There are two major pathways that modulate release of Ca2+ from intracellular 
stores. The process can be regulated by Ca2+ itself, termed Ca2+-induced Ca2+ release 
(CICR), or by other secondary messengers such as inositol-1 ,4,5-triphosphate (IP3), 
cyclic ADP ribose (cADPR), and nicotinic acid adenine dinucleotide phosphate 
(NAADP). As previously mentioned, various GPCRs including P2Y receptors and RTKs 
can activate second messengers such as DAG and IP3, which lead to the intracellular 
release of Ca2+. DAG induces the activation of protein kinase C (PKC) and IP3 activates 
the ligand gated ion channels of the endoplasmic reticulum (ER), leading to the release of 
C 2+ a . 
In addition to IP3, cADPR and NAADP can mobilize Ca2+ release from internal 
stores by independent signaling pathways. These two molecules are produced by the 
enzymatic action of ADP ribosyl cyclase. It is thought that the generation of these two 
molecules is closely related to cellular metabolism, as ATP and NADH have been shown 
to inhibit the hydrolase of ADP ribosyl cyclase. It is speculated that cADPR indirectly 
stimulated Ca2+-induced Ca2+ release by indirectly interacting with the ryanodine receptor 
(RYR) expressed on the membrane of the ER (Clapham, 2007). In contrast, NAADP has 
been shown to generate an oscillatory Ca2+ response, suggesting this molecule modulates 
Ca2+ release through a separate mechanism than those of IP3 and cADPR. It was 
suggested that NAADP may indirectly sensitize the IP3 receptors and RYRs by providing 
Ca2+ from lysosome-related organelles (Berridge, Bootman,&Roderick, 2003). The 
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precise mechanism of how NAADP regulates Ca2+ release from internal stores remains 
unclear. 
Influx of Ca2+ from the extracellular space is another major source of Ca2+ 
mobilization in response to stimuli. There are several Ca2+-entry channels that allow the 
Ca2+ influx upon activation. Voltage-gated channels (VOCs) are the fastest channels that 
can generate the rapid Ca2+ flux by utilizing a change in voltage across the plasma 
membrane (Catterall, 2011). In addition, there are receptor operated channels (ROCs) on 
the plasma membrane that open upon ligand binding to receptors and allow the entry of 
small ions including Ca2+. For example, NMDA receptors undergo conformational 
changes upon glutamate/NMDA binding, and form functional ion channels. Another class 
of ion channel is the P2X receptors, which are activated by ATP. 
Gap junctionslhemichannels in the Ca2+ response 
Ca2+ signals play an important role in cell-cell communication as they can 
propagate from the origin to neighboring cells. Internal channels such as gap junctions 
facilitate the extension of a Ca2+ wave by allowing for the passage of molecules (Fig. 1-6). 
In many tissues, including the corneal epithelium, cells are connected by gap junctions, 
which are joined by hernichannels. In general, six connexin subunits form one connexon, 
and coupling of two connexons on each cell compose a gap junction between cells. 
Hernichannels, uncoupled connexons, can be thought of as the "heart" of the gap junction 
that modulate volume regulation, cell survival pathways, and the release of cytosolic 
materials (Saez, Retamal, Basilio, Bukauskas,&Bennett, 2005). In vertebrates, 
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hemichannels are formed by connexins, whereas in the case of invertebrates, they are 
formed by innexins, which share minor sequence homology. Pannexins are yet another 
class of gap junction-related proteins in mammals (Panchinet al., 2000). Pannexins are 
topologically related to connexin family proteins but there is minimum sequence 
homology (Dub yak, 2009). The family of hemichannels possess four transmembrane 
domains, and the extracellular domains contain characteristic cysteine residues: two 
residues for innexins and pannexins while three residues are located in connexins (Barbe, 
Monyer,&Bruzzone, 2006). 
Hemichannels, present in a number of cells including astrocytes and corneal 
epithelial cells, contribute to the modulation of cell to cell communication. In the case of 
the cornea, our previous work has demonstrated that hemichannels formed by connexins 
play a critical role in mediating crosstalk between corneal epithelial cells. When these 
internal channels were blocked by a cocktail of inhibitors, there was attenuated 
nucleotide-induced Ca2+ response (Bennett, Contreras, Bukauskas,&Saez, 2003, 
Oswaldet al., 2012). 
Recent studies suggest that pannexins, a class of hemichannels, may play an 
important role in the modulation of nucleotide-induced Ca2+ signaling (Fig. 1-6). 
Pannexins respond to extracellular stimuli by forming a large non-selective pore on the 
plasma membrane. There are three members of the pannexin family (Pannexin-1, 2 and 
3). Pannexin-1 has gained focus in recent studies, as it is universally expressed in many 
cells and tissues, including the central nervous system, liver, thyroid, prostate and eye. 
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Early studies have demonstrated that pannexin-1 is Ca2+ permeable and localized on both 
the cell surface and on intracellular organelles such as the ER and the Golgi. This 
suggests that it provides pathways for the recruitment of Ca2+ from internal stores and the 
extracellular space (D'Hondtet al. , 2011). Pannexin-1 is also permeable to ATP, and 
modulates gating properties of the hemichannels thorough both paracrine and autocrine 
feedback (Dubyak, 2009). Furthermore, ATP release via pannexin-1 pores has been 
implicated in many cell types including Neuro2A cells and airway epithelial cells (R. M. 
Iglesias&Spray, 2012, Lieb, Frei, Frohock, Bookman,&Salathe, 2002). Investigators 
speculate that pannexin-1 forms pores that may interact with nucleotide-mediated 
purinergic signaling pathways. Notably, its relationship with P2X7 receptors has been 
observed: pannexin-1 has been shown to release interleukin-1 ~ (IL-~) upon P2X7 
activation (Pelegrin&Surprenant, 2006). 
46 
ATP 










Ca2• Ca'· / ! Ca'• Ca'• Ca'• DAG Gap Junction 
IP3 / \ PKC 
ER 
47 
Fig. 1-6. A schematic of Ca2+ mobilization in epithelial cells. Nucleotides (ATP and 
UTP) activate purinergic receptors upon injury. P2X7 receptors facilitate the recruitment 
of Ca2+ from the external source, and P2Y2 receptors induce the release of Ca2+ from 
intracellular stores such as the ER. Gap junctions play an important role in the 
propagation of the Ca2+ response from the origin to neighboring cells. A TP can be 
released through pannexin pores to extracellular milieu. 
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Cellular adaptations to hypoxia 
Hypoxia causes cells to undergo rapid genetic and physiological adaptations. 
The earliest response is a transition from aerobic to anaerobic metabolism 
(Dang&Semenza, 1999). Many cellular responses to hypoxia are thought to be mediated 
by the Hypoxia inducible factor-1 (HIF-1) pathway. HIF-1 is a heterodimer that consists 
of the hypoxia response factor HIF-1a and the constitutively expressed aryl hydrocarbon 
receptor nuclear translocator (ARNT), also known as HIF-~ (Harris, 2002). Under 
hypoxia, HIF -1 acts as a nuclear transcription factor that binds to hypoxia-response 
elements (HREs), leading to the expression of its many downstream targets. Under 
normal physiological oxygen level, HIF-1 is ubiquitylated and is subjected to 
proteasome-mediated degradation (Mimura, Tanaka, Wada, Kodama,&Nangaku, 2011). 
Hypoxia-induced metastasis in cancer cells has been extensively documented 
(Erleret al., 2006, Gatenby&Gillies, 2004). Under hypoxia, proliferative/pro-angiogenic 
factors such as vascular endothelial growth factors (VEGF), epidermal growth factor 
(EGF), and HIF -1 are upregulated. Since HIF -1 itself is a primary transcription factor that 
responds to changes in oxygen tension, the effect of hypoxia is thought to be exerted 
primarily by HIF-1 downstream pathways. For instance, HIF-1 has been shown to induce 
epithelial-mesenchymal transition (EMT) by abrogating the expression ofE-cadherin in 
ovarian carcinoma. In addition, lysyl oxidase (LOX), a downstream target of the HIF -1 
pathway, has emerged as an important regulator of hypoxia-promoted tumor metastasis 
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(Erler&Giaccia, 2006, Imaiet al. , 2003). LOX plays a role in the formation of the ECM 
proteins by oxidizing lysine residues in collagen and elastin. 
Hypoxia is thought to impair cellular metabolism and the subsequent production 
ofnucleotides, most notably ATP (Frezzaet al. , 2011 , Guo, Satpathy, Wilson,&Srinivas, 
2007). The dramatic decrease in ATP levels under hypoxic conditions is thought to be 
related to alterations in mitochondrial functionality of cells. Frezza and his colleagues 
demonstrated that cancer cells adapt to hypoxia by increasing anaerobic glycolysis, while 
decreasing mitochondrial respiration and functions (Frezzaet al. , 2011). Thus, hypoxia 
impairs cellular functions leading to pathological conditions by limiting accessible 
oxygen to mitochondria. 
In the case of neurons, an exposure to hypoxia can be either harmful or protective, 
depending on the period of the exposure time. Prolonged hypoxia is thought to induce 
neuronal toxicity, whereas brief exposure to hypoxia (3-4 hours), which is known as 
"preconditioning", can be protective against cerebral ischemia (Sharpet al. , 2004). Under 
prolonged hypoxic conditions, mounting evidence suggest that NMDA receptors mediate 
hypoxic excitotoxicity, leading to changes in the integrity of neuronal cells. Investigators 
have shown that NMDA receptors mediate hypoxia-induced excitotoxic death of the 
central nervous system (CNS). Anoxia/ischemia has been shown to enhance glutamate 
release by increased presynaptic vesicle exocytosis (Fleidervish, Gebhardt, Astman, 
Gutnick,&Heinemann, 2001). High concentrations of glutamate can induce toxicity in 
neurons that is mediated by excessive Ca2+ influx (Choi&Rothman, 1990). Synaptic 
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NMDA receptors, which are thought to be neuroprotective receptors, have been shown to 
induce neuronal cell death with prolonged hypoxic insult in the brain (Wroge, Hogins, 
Eisenman,&Mennerick, 2012). Pannexin-1 channels have shown to participate in 
NMDA receptor-mediated neuronal cell death under the ischemic insult. Pannexin-1 is 
directly activated by ischemia or by excessive concentrations ofNMDA (Madry, 
Haglerod,&Attwell, 201 0). Additional study showed that the exposure to anoxia/ischemia 
activates NMDA receptors, which associate with Src family kinases, leading to the 
upregulation ofpannexin-1 channels (Weilinger, Tang,&Thompson, 2012). 
Gidday and colleagues first demonstrated that preconditioning with hypoxia (8% 
oxygen) can be neuroprotective following ischemia-induced stroke events (Gidday, 
Fitzgibbons, Shah,&Park, 1994). Additionally, one report showed that preconditioning 
with either NMDA or hypoxia increased the survival of neuronal cells in response to a 
subsequent, longer exposure to toxic levels of glutamate (Schurr, Payne, Tseng, 
. Gozal,&Gozal, 2001 ). Another in vitro study showed that preconditioning with three 
short hypoxic/hypoglycemia, and a subsequent exposure to continuous 
hypoxic/hypoglycemia conditions significantly decreased the release of glutamate, 
whereas y-aminobutyric acid (GABA) release increased (Johns, Sinclair,&Davies, 2000). 
Thus, preconditioning may increase the presence of GABA in hypoxic neuronal cells, 
which may contribute to the activation of pro-survival pathways. 
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Corneal response to hypoxia 
The cornea requires atmospheric oxygen to maintain its optical properties 
(Smelser&Ozanics, 1952), and a reduction in oxygen availability has adverse effects on 
the physiology and function of the cornea. Hypoxia can be triggered by prolonged eyelid 
closure and extended wear of contact lenses. The closed eye environment is dramatically 
different from that of the open eye, and eye closure results in a reduction in oxygen 
tension from 21% to 8%, an acidification of the corneal environment, an accumulation of 
C02, an increase in corneal thickness, corneal swelling, and corneal edema (Liesegang, 
2002). Moreover, during sleep, there is an activation of pro-inflammatory factors such as 
recruitment of neutrophils, release of secretory IgA and serum albumin, and production 
of chemokines (Tan, Sack, Holden,&Swarbrick, 1993). 
The cornea is remarkably tolerant to hypoxic conditions that occur during 
sleeping. Corneal thickness recovers to normal thickness within an hour during daytime. 
Rapid eye movements (REM) and occasional eye openings contribute to this tolerance of 
corneal function during sleeping. Extended contact lens wear, however, induces hypoxia 
that could be pathological to the cornea. Contact lens wear significantly reduces oxygen 
levels in the cornea in the range from 8% to 15% during "waking", which is critical as the 
minimum oxygen tension level required to avoid cornea swelling is estimated to be 
between 1 0% to 13%. Most soft and hard contact lenses do not offer oxygen 
transmissibility high enough to avoid corneal hypoxia (Morganet al., 201 0). 
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Currently, it is thought that hypoxic conditions disrupt inflammatory responses 
and the barrier function of the corneal epithelium. Hypoxic conditions have shown to 
cause the downregulation of TLR4 expression in epithelial cells, leading to an ablated 
immune response, demonstrated by a decrease in expression of nuclear factor kappa-
light-chain-enhancer of activated B cells) NFkB (Hara, Shiraishi,&Ohashi, 2009). 
Localization of the tight junction protein Zonula Occludens-1 (Z0-1) was disrupted in the 
rabbit corneal epithelium under hypoxia (Teranishi, Kimura, Kawamoto,&Nishida, 2008). 
Another pathological condition that can occur with decreased oxygen tension is 
neovascularization, which can result in the loss of vision. Hypoxia can regulate both pro-
and anti-angiogenic factors (Papas, 2003). For instance, VEGF and its receptor are 
elevated in the epithelium, stroma and endothelium (Philipp, Speicher,&Humpel, 2000, 
Singhet al., 2005). This elevation ofVEGF activity in ocular tissue is associated with 
hypoxia-induced factors such as HIF-a, interleukin-1 alpha (IL-1a) and~, and TGF-~ 
(Safvati, Cole, Hume,& Willcox, 2009). Furthermore, various factors that mediate corneal 
inflammation have been shown to accelerate the formation of blood vessels in the 
hypoxic cornea including interleukins (IL-8, 6, 1~) and tumor necrosis factor (TNF-a) 
(Safvatiet al. , 2009). 
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Concluding remarks 
Wound repair of injured tissue activates complex signaling pathways, which requires 
tight regulation to achieve successful restoration. A growing number of studies from our 
lab and other investigators suggest that an intracellular Ca2+ rise induced by injury plays a 
critical role in wound repair. Innervating neurons and the epithelium appear to 
communicate via Ca2+ signaling post-injury. In addition, mounting evidence implicates 
the role of both purinergic and NMDA receptors in modulating Ca2+ dynamics. Using the 
cornea as a wound model, we evaluated cellular response to injury, and how pathological 
conditions such as decreased oxygen levels impair wound closure of injured tissue. A 
better understanding of wound healing mechanisms involving Ca2+ signaling, and the 
regulation of cell migration/matrix re-assembly will contribute to identifying ways to 
augment wound repair of injured tissue in pathological conditions. 
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Thesis objectives 
The primary goals of this study are to examine wound healing processes using the 
cornea as a model, and to determine how pathological conditions such as hypoxia inflict 
alterations in these processes. Areas of interest include Ca2+ dynamics elicited by both 
purinergic and glutamatergic signaling pathways after injury, and the modulation of 
proteins critical to cell migration and matrix re-assembly of injured tissue. We 
hypothesize that hypoxia causes delayed wound closure by inducing changes in early 
cellular responses to injury such as Ca2+ mobilization, ultimately leading to alterations in 
there-epithelialization process. To test our hypothesis, we used both in vitro and ex vivo 
models: human corneallimbal epithelial cells (HCLEs), primary human stromal 
constructs, and corneal organ cultures. 
Specific Aims: 
Aim 1. Determine the effect ofhypoxia on the corneal wound healing process involving 
C 2+d . a ynamzcs. 
To further understand Ca2+-signaling mediated communication between neuronal 
and epithelial cells that occurs post-injury; we used in vitro models including HCLEs and 
primary neuronal cultures. We believe that neuronal factors activate a distinctive, yet 
highly complex crosstalk between activated cells under the injured state that requires 
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further analysis. Thus, we developed a signaling-sorting algorithm to determine Ca2+ 
dynamic patterns, and how these patterns change under hypoxia. In addition, we 
determined how factors important for proper Ca2~ mobilization are altered. We found that 
hypoxia-induced alterations include a decrease in ATP levels, and significant changes in 
purinergic and glutamatergic signaling. 
Aim 2. Determine the effect of hypoxia on the regulation of the adhesion/extracellular 
matrix proteins important for cell migration during corneal wound repair ex vivo. 
Successful epithelial wound closure requires tightly regulated cell migration and 
re-assembly of the stroma. Our aims were to determine the regulation of 
adhesion/extracellular matrix proteins important for there-epithelialization process, and 
elucidate how these proteins are affected by a compromised ocular environment. Two 
different ex vivo corneal models were used to examine how hypoxia impedes re-
epithelialization post-injury, organ cultures established from primary whole corneas and 
3-D stromal construct models. We identified a change in the activity ofpaxillin at the 
leading edge, and deposition of fibronectin along the basal lamina. In addition, we 
observed changes in the expression of proteoglycans and collagens under hypoxia, both 
important for the maintenance of normal stromal physiology. 
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2. Materials and methods 
Cell Culture 
Human corneal epithelial cells (HCLEs) were cultured as previously described (Gipsonet 
al., 2003). Cells were a gift from Dr. Ilene Gipson ' s laboratory at Schepens Eye Research 
Institute, Boston, MA. Cells were cultured in keratinocyte serum-free medium (K-SFM), 
supplemented with 30 llglmL bovine pituitary extract (BPE), 0.032 nM epidermal growth 
factor (EGF), 0.05 % Fungizone (Invitrogen, Carlsbad, CA), 100 U/mL 
penicillin/streptomycin (Mediatech, Manassas, VA), and 0.3 mM CaCh. Incubation 
media was switched to quiescent media lacking EGF and BPE, 24 hours before the 
experiment. 
Ex Vivo Culture 
An ex vivo cornea organ culture model system was established as previously described 
(ref. Gordon et al.). Rabbit eyes were purchased from Pel-Freeze (Rogers, AR) and adult 
Sprague-Dawley rats were obtained from Charles River Labs (Wilmington, MA). Rats 
were euthanized and a 3 mm-diameter epithelial debridement was made on each cornea 
using a trephine prior to enucleation. The eyes were kept at 4 °C and the corneas were 
dissected from the eyes leaving the scleral rim, and were inverted in the media. The 
endothelial concavity was filled with DMEM containing 0.75% low melting point agar 
and the corneas were placed in 3 5 mm2 culture dishes, facing the endothelial side down. 
The corneas were cultured at 37°C in a humidified 5% CO 2 incubator, with high glucose 
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DMEM medium supplemented with 100ulml penicillin/streptomycin and 100X MEM-
Non-essential amino acids (Mediatech, Manassas, VA). 
Culture o(stromal construct 
Stromal constructs were grown using primary human corneal fibroblasts from Dr. James 
Zieske's laboratory at Schepens Eye Research Institute, Boston, MA. Cells were grown 
in Eagle's minimum essential medium (EMEM, ATCC, Manassas, VA) containing 10% 
fetal bovine serum (FBS), 100 U/mL penicillin, 100 ).lg/mL streptomycin, and 0.5% 
Fungizone. Cells were passed once prior to the establishment of the construct, and plated 
onto the transwell plates with polycarbonate membrane inserts (0.2 f!M pores, Costar, 
Charlotte, NC). To increase the attachment of the cells, the transwell inserts were pre-
coated with FBS for 20 minutes. Human corneal fibroblasts were plated on the inserts at a 
seeding density of 1 x 1 06 cells/well. The cells were grown in EMEM media 
supplemented with 0.5 mM 2-0-a-D-glucopyanosyl-L-ascoric acid (Wako Chemicals 
USA, Inc, Richmond, VA), cultured for 1, 2 and 4 weeks. 
Primary trigeminal ganglia cultures 
Neonatal Sprague-Dawley rats (Charles River Labs, Wilmington, MA) were euthanized 
and decapitated. Trigeminal neurons were culture as described previously (Oswaldet al., 
2012). The scalp and skull were cut, the brain was removed, and the mater and 
connective tissue were separated using a blunt probe to expose the trigeminal ganglia and 
cranial nerve V. The connective tissue beneath the ganglion was cut and the posterior 
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nerve was cut. The trigeminal nerve was removed from the foramen and maintained in a 
cold protease solution containing trypsin/EDT A, 1.5 mg/mL collagenase A and 0.05 
mg/mL papain. The ganglia were digested for 1 hat 37°C on a Nutator (Thermo 
Scientific, Waltham, MA), triturated and the dissociated cells were resuspended in 
neurobasal medium supplemented with B27, 0.1 mM glutamine, 100 U/mL penicillin, 
100 f.lg/mL streptomycin, 0.5% Fungizone and 15 ng/mL NGF. The resuspension was 
plated on 100 mm2 tissue culture plates and the cells were cultured in supplemented 
neurobasal medium (Invitrogen, Grand Island, NY). Conditioned media was collected 
from the cultures before injury and neuronal wound media was obtained after injury. 
After collecting 5 mL of conditioned media from the neuronal cultures, scratch wounding 
was performed using a multi-needled tool to obtain the neuronal wound media. The 
media was centrifuged at 11 ,000g for 5 minutes and used for the assay. 
Hypoxic incubation 
HCLEs, primary neuronal cultures, and ex vivo organ cultures were incubated under 
hypoxia (1% 0 2, 5% C02, and 94% N2) using a hypoxic incubator (New Brunswick 
Scientific, Enfield, CT) for 2, 12, 24 and 48 hours. Control samples were incubated under 
normoxic conditions (21% 0 2, 5% C02, and 7 4% N2) for the equivalent time periods. 
ATP determination assay 
HCLEs and primary trigeminal neuronal cultures were cultured to 80-90% confluency at 
which time, growth media was replaced with quiescent media lacking any supplement. 
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Cells were then incubated under either normoxic or hypoxic conditions for 24 and 48 
hours. To determine ATP concentration in the whole cell population, cells were harvested 
using a cell scraper in ice-cold PBS and sonicated for 2 minutes. To measure the released 
ATP upon injury, scratch wounds were made on the cells, and media immediately 
collected in ice-cold PBS. Total ATP amount was measured using an ATP determination 
kit according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). Standards 
containing ATP ranging from 1 nM to 50 !J.M were prepared in Milli-Q water (Millipore, 
Billerica, Massachusetts). A reaction solution containing 8.9 mL H20, 0.5 mL 20X 
reaction buffer, 0.1 mL 0.1 M DTT, 0.5 mL 10 nM d-luciferin, and 2.5 !J.L firefly 
luciferase was prepared and maintained on ice. The luminescence of 10 !J.l of each 
standard was measured to generate the standard curve. The samples were measured in an 
equivalent manner, and blank runs were measured to subtract the background 
luminescence. A standard curve was used to calculate the ATP concentrations in the 
samples. A minimum of three independent experiments were performed. For the 
normalization purpose, the protein concentration of whole celllysates was determined 
using a bicinchoninic acid assay (BCA assay) (Block&Klarlund, 2008). 
Western blot analysis 
HCLEs were cultured in a 60 mm2 dish protein to 90% confluency. Cells were serum-
starved 24 hours prior to performing experiments. After washing with ice-cold PBS, cells 
were lysed with 600 !J.l RIPA buffer containing 0.5% NP-40, 1% Trion X-100, 10 mM 
Tris-HCL, 150 mMNaCl, 200 !J.M phenymethylsulphonyl fluoride and 200 !J.M sodium 
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orthovanadate. Cells were scraped and homogenized using a 25 gauge needle. The lysates 
were centrifuged at ll ,OOOg for 10 minutes, and the supernatant was placed in a 1.5 mL 
tube. The protein concentration of the supernatant was determined using a bicinchoninic 
acid assay (BCA), and the equal amount of protein was loaded onto a SDS-PAGE gel for 
separation based on their molecular weight and transferred to a polyvinylidene fluoride 
(PVDF) membrane (Millipore, Tullagreen, IRL). Immunoblots were blocked with 5% 
BSA in Tris buffer (10 mM Tris, 100 mM NaCl, 0.1% Tween-20, pH 7.5) for an hour at 
room temperature and incubated with primary antibodies overnight at 4 °C. After washing, 
the membrane was incubated with HRP-conjugated secondary antibodies for an hour at 
room temperature and washed again with Tris-buffered-Tween-20 (pH 7.5). The blots 
were imaged using a chemiluminescence agent (Denvile Scientific, Metuchen, NJ). 
Real-time PCR 
Total RNA was collected at each time point and was extracted using RNeasy® Mini Kit 
according to the manufacture' s protocol (Qiagen, Germantown, MD). After determining 
RNA concentration spectrophotometrically, RNA was treated with DNAse I (Invitrogen, 
Carlsbad, CA) along with an RNase inhibitor (Roche Applied Science, Indianapolis, IN). 
Reverse transcription was performed on the DNase treated RNA using Moloney Murine 
Leukemia Virus-reverse transcriptase (MML V -RT). A negative control was performed 
without the MML V-RT. The TaqMan® Gene Expression Master Mix (Applied 
Biosystems, Foster City, CA) and a eDNA template produced were optimized for each 
assay. Real-time PCR was performed using an ABI 7300 (Applied Biosystems, Foster 
City, CA) . Target genes were normalized using eukaryotic 18S rRNA as an endogenous 
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control (VIC/MGB Probe, Primer Limited, Applied Biosystems, Foster City, CA). The 
eDNA template was incubated for an initial 2 min at 50°C and 10 min at 95°C, followed 
by 40-50 amplification cycles of95°C for 15 sand 60°C for 1 min. ABI software was 
used to analyze the results. The ~~Ct method was used to determine relative expression 
of gene of interest and normalized to the 18S ribosomal subunit (Livak&Schmittgen, 
2001). The controls for each were set to one. Values were given as the mean± standard 
error. Statistical comparisons were made using Student' s t-test. 
Calcium imaging. 
Adenosine 5' -triphosphate (ATP), uridine 5 ' -triphosphate (UTP), and 3'-0-(4-benzoyl) 
benzoyl adenosine triphosphate (BzA TP) were purchased from Sigma-Aldrich (St. Louis, 
MO). Acetoxymethyl (AM) ester derivatives of fluorescent indicators, Fluo-3 AM and 
pluronic acid were obtained from Invitrogen (Carlsbad, CA). HCLEs were cultured 
either on a glass-bottom dish or on ethanol-washed 22 mm2, # 1.5 glass coverslips coated 
with FBS. Cells were grown to confluency and the media were replaced with 
unsupplemented K-SFM for overnight prior to performing experiments. Cells were 
transferred into HEPES-buffered saline solution containing 137 mM NaCl, 5 mM KCl, 4 
mM MgCh, 3 mM CaCh•2H20, 25 mM glucose and 10 mM HEPES (pH 7 .6). Cells 
were pre-loaded with 10 j..tM ofFluo-3 AM supplemented with 0.02% pluronic acid 
(Invitrogen, CA) in an HEPES-buffered saline solution. Change in fluorescence was 
monitored using a Zeiss Axiovert 1OOM LSM 510 equipped with Argon and 2 HeNe 
lasers (Thornwood, NY). Cells were perfused with HEPES-buffered saline before 
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stimulation to obtain a baseline fluorescence level (Klepeiset al., 2004). Cells were 
stimulated with either scratch wounding or agonists prepared in HEPES-buffered saline. 
The field was continuously monitored for 600 frames (1 frame per 0.789 sec) to evaluate 
changes in fluorescence over time. Using the Zeiss LSM software, the average percent 
change of fluorescence was calculated. The following formula was used for the 
calculation: 
Percent change in average fluorescence= ((F-Fo)/Fo) x 100, where F0 is the baseline 
fluorescence intensity obtained from cells perfused with HEPES-buffered saline before 
stimulation (Cornell-Bell et al., 1990). 
Fluorescence Recovery after Photobleaching (FRAP) 
FRAP was performed as previously described (Oswaldet al., 2012). HCLEs were plated 
onto 35 mm2 glass bottom dishes coated with FBS. When HCLEs reached approximately 
80% confluency, they were serum-starved and incubated in either normoxic or hypoxic 
conditions. HCLEs were loaded with the fluorescent dye, 5-carboxy-fluorescein diacetate 
acetoxymethyl ester (5-CFDA, AM) in the presence of 0.02% pluoronic acid for 20 
minutes at room temperature (Invitrogen, Carlsbad, CA). Cells were washed with HEPES 
buffer. One cell in the field was bleached by a 488 nm Argon laser with repeated 
iterations at 50% power. As a control, an unbleached cell was monitored at the same time 
and used to normalize the rate of recovery of the photo bleached cells. Fluorescence 
recovery over time was monitored for 400 frames (1 frame per 0.789 sec) using the Zeiss 
51 OM confocal microscope. 
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Immunohistochemistry 
Rat corneas and HCLE cells were fixed in freshly made 4% paraformaldehyde for 20 
minutes, and stained for indirect immunofluorescence. Eyes from Thy-1-GFP rats, whose 
axon constitutively express GFP, were prepared in a same manner (Klepeiset al. , 2004). 
Tissue and cells were blocked with 4% BSA in P~S , and incubated with primary 
antibody of choice in 1% BSA overnight at 4°C. After washing with PBS, they were 
incubated with specific AlexaFluor secondary antibody (Invitrogen, Carlsbad, CA) 
overnight. The samples were counter-stained with rhodamine phalloidin (Invitrogen, 
Carlsbad, CA) and with a mounting medium containing DAPI 01 ector Laboratories, 
Burlingame, CA). They were imaged using a Zeiss 700M Axiovert inverted laser 
scanning confocal microscope. Negative controls were imaged separately to set a baseline 
detection level of fluorescence. Fluorescence intensity was quantified using the ImageJ 
software. 
Microscopy and Cuprolinic Blue Staining (or constructs 
The constructs were washed with ice-cold PBS and harvested in Kamovsky' s fixative (2% 
paraformaldehyde and 2.5% glutaraldehyde in pH 7.4 caccodylate buffer). Cuprolinic 
blue staining was performed to examine the size and directional orientation of 
Glycosaminoglycan (GAG) chains. Constructs were sectioned using a razor blade, and 
serially dehydrated in ice-cold ethanol. The section was incubated in the presence or 
absence of polysaccharide lyases and stained with 0.2% Cuprolinic blue in buffer 
containing 0.3 M MgCb overnight. The tissue was washed three times in 25% ethanol 
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followed by two washes with 50% ethanol. The sections were washed serially with 70%, 
80% and 95% ethanol, and incubated overnight at 4°C in 95% ethanol. The tissue was 
incubated in 100% ethanol for 5 minutes, and this step was repeated three times, followed 
by three 10 min incubations with 100% propylene oxide. The tissue was embedded in a 
solution ofEpon-Araldite containing 10 mL ofEmbed 812, 10 mL Araldite 502, 24 mL 
DDSA, and 2% DMP-30. The solution was added to the tissue in propylene to make a 
final concentration of 50%, and the tissue was incubated for 1 hour at room temperature. 
The incubating solution was replaced with 100% Epon-Araldite and the tissue was 
incubated overnight at room temperature. After replacing with fresh Epon-Araldite 
solution, the tissues were placed in the oven at 60°C for at least 48 hours to make blocks. 
The blocks were sectioned and processed by Ruiyi (Flora) Ren at Boston University 
School of Medicine (Boston, MA). The sections were examined using a Nikon Eclipse 
E800 light microscope (Nikon, Melville, NY) mounted with a SPOT camera (Micro 
Video Instruments, Avon, MA). For transmission electron microscopy (TEM), the 
constructs were imaged using a Philips 300 TEM (Eindhoven, The Netherlands). 
Computational analysis of calcium imaging data 
Ca2+ imaging data were analyzed using a custom-written algorithm using Matrix 
Laboratory (MA TLAB) by Kelsey Derricks at Dr. Matthew Nugent's laboratory at 
Boston University School of Medicine. The algorithm was run in a MATLAB 
programming environment (Mathworks, Natick, MA). After images were collected from 
each experiment, they were exported in a Tagged image file format. Each cell was 
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segmented and identified by the algorithm, which enabled the calculation of fluorescence 
intensity of each cell. Cells were segmented by using nuclear pixel minimums in 
combination with cell perimeters to independently identify cells. The average diameter of 
each cell was calculated assuming that each cell was circular. For each frame, 
fluorescence intensity values were determined for each cell and corrected for the average 
of their individual background during the control frame. The average fluorescence was 
calculated from an average derived from all the cells in one frame. Calculated intensity 
values from each cell were combined to yield following outputs: percent change in 
average fluorescence over time, average intensity over time, number of activated cells, 
number of clusters per 50 frames, and percent of cells participating in cluster-formation. 
Cells clusters were defined as more than three activated cells within one cell distance of 
each other. 
Statistical analysis 
Data represent a minimum of three independent experiments and are presented as the 
mean± standard error. Statistical significance was determined by either Student's t-test 
with a stringency ofp < 0.05 or ANOVA test followed by Tukey's post-hoc. 
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3. Results 
A number of diseases and pathological conditions such as prolonged hypoxia can 
lead to impaired wound repair of injured tissue. In the cornea, diseases can induce an 
altered matrix, a reduced corneal function and undesirable physiological changes. 
Previously, our lab has demonstrated that corneal epithelial wound healing 
involves purinergic signaling, but the effect of hypoxia on these signals is poorly 
understood. Hypoxia occurs when there is a reduction in the normal level of tissue 
oxygen tension, which can occur during acute and chronic vascular disease, pulmonary 
disease and cancer. In the cornea, hypoxia can be induced by extensive wear of contact 
lenses, and also upon activation of an immune response with infiltration of neutrophils. 
Corneal oxygen depletion due to a chronic hypoxic condition has been shown to induce 
corneal swelling, limbal redness, epithelial thinning and microcyst (Liesegang, 2002, 
Mirnuraet al. , 2011). Here, we hypothesize that hypoxia impairs early wound repair 
pathways such as Ca2+ mobilization and changes in the extracellular matrix regulation 
leading to poor corneal wound closure. 
To test our hypothesis, the cornea was used as a wound model, which is an 
excellent model as it is avascular, transparent, highly innervated and its epithelium 
undergoes continuous renewal. Both in vitro and ex vivo models were used in this study. 
The goal was to examine signaling pathways involved in the activation of corneal wound 
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repair. Such areas of interest are the mobilization of Ca2+, cell migration and extracellular 
matrix deposition in the cornea. Elucidation of the regulation of corneal matrix synthesis 
will allow us to understand early changes that occur in corneal diseases and assist in 
engineering corneal tissue. Our ultimate goal is to uncover a novel purinergic signaling 
pathway encompassing ocular tissue which could be used as a therapeutic target for 
corneal disease. 
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Figure 3-1. In vitro and ex vivo models used to examine hypoxia in cornea wound 
healing. The effect of hypoxia on the cornea was evaluated using both in vitro and ex 
vivo models including organ cultures, stromal constructs, and HCLEs. Primary trigeminal 
ganglia cultures were established from neonatal Sprague-Dawley rats. 
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1) Hypoxia alters Ca2+ dynamics that occur after injury. 
Communication between neuronal and epithelial cells is mediated by purinergic and 
glutamatergic signaling pathways 
Our lab has demonstrated that both P2Y and P2X receptors play an important role 
in modulating corneal epithelial wound healing through nucleotide-induced Ca2+ 
mobilization after injury. Previous studies on epithelial cells showed ATP release occurs 
upon injury, and the subsequent activation of Ca2+ response regulates downstream targets 
to promote wound healing ofthe cornea. (Boucheret al., 2011, Mankuset al. , 2011). The 
cornea is an excellent model to study how neuronal and epithelial cells interact after 
injury. A dense network of nerve endings derived from the stromal branches of trigeminal 
nerves penetrate the epithelium (Marfurt, Cox, Deek,&Dvorscak, 2010). The neurons and 
secreted products provide sensation and maintain homeostasis of the tissue (Arakiet al., 
1994, Ishida, Rao, del Cerro,&Aquavella, 1984, Mulleret al., 2003). 
To demonstrate that neurons innervate corneal epithelium, corneas from Thy-1-
GFP rats were counterstained for F-actin and nuclei (Fig. 3-2). As shown in Fig. 3-2 A-C, 
Corneas from Thy-1-GFP rats displayed nerve branches in both an en face view and 
cross-section. When the cornea was counterstained with phalloidin and imaged in cross-
section the nerve branches derived from trigeminal neurons penetrate into the corneal 
epithelium (Fig. 3-2C). Our goal was to evaluate communication between neuronal cells 
and epithelial cells that is thought to occur during wound repair. To achieve this goal, we 
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developed a model system where neuronal wound media was added to epithelial cells. 
Conditioned media collected before scratch-wounding normoxic, neuronal cell cultures 
was used as a control. Incubation with this control, conditioned media did not induce the 
mobilization of Ca2+ (Fig. 3-3 A). This indicates that control conditioned media did not 
contain any trophic substances such as nucleotides and glutamate that elicit a rapid Ca2+ 
recruitment. However, when we incubated the epithelial cells with the neuronal wound 
media, we observed a complex ci+ response, where there was an initial rapid Ca2+ 
mobilization which was subdued and then followed by a series of oscillations over time 
(Fig. 3-3B). Interestingly, the secondary response consisted of a wave of clusters that 
continued to appear throughout the remaining time. This result suggested that there was 
more than one trophic factor present in the neuronal wound media that elicited two 
distinctive Ca2+ responses. To elucidate the trophic factors, wound media was pre-
incubated with apyrase (30 U/mL), which hydrolyzes ATP to AMP, and inhibitors of 
NMDA receptors. When the epithelial cells were exposed to wound media with Apyrase, 
the rapid Ca2+ mobilization in the early phase was diminished. However, the oscillating 
secondary Ca2+ response was present and sustained over time (Fig. 3-3C). When 
epithelial cells were exposed to neuronal wound media with Apyrase and NMDA 
receptor inhibitors (L Y233053, a competitive antagonist, ifenprodil, a NR-2B specific 
antagonist, and MK-801 , a non-competitive antagonist), there was a reduction in both the 
initial and the subsequent response (Fig. 3-3D). Taken together, the results demonstrated 
that a crosstalk mechanism existed between neuronal cells and epithelial cells, which was 
mediated by both purinergc and glutamateric signaling pathways. 
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Figure 3-2. Sensory neurons penetrate the corneal epithelium. A. Thy-1-GFP rat 
corneas were imaged using 2-photon microscopy and corneal nerves are detected in an en 
face view. B. The corneal nerves are detected in a cross-sectional view. C. The corneas 
were counterstained with rhodamine phalloidin and DAPI and imaged using confocal 
microscopy. A network of nerve endings (green) derived from stromal branches terminate 
in the epithelium (yellow). Z-stacks were taken and presented as a 3-D image on XYZ 




















Figure 3-3. Components released from the injury of neuronal cells on epithelial cells 
induce a distinct Ca2+ mobilization. Epithelial cultures were incubated with Fluo3-AM 
and stimulated with the media harvested from primary neuronal cultures. Pseudo-colored 
images are displayed in 2.5D to show cell response over time using a six color intensity 
scale. Basal levels were obtained prior to stimulation. Blue color represents the lowest 
level while magenta color represents the highest level. A. Conditioned neuronal media 
collected immediately after injury induces minimal mobilization over 600 frames. B. 
Neuronal media collected immediately after injury induces a rapid mobilization that is 
followed by a second elevation in Ca2+. C. Neuronal media collected immediately after 
injury and incubated with apyrase did not cause an initial response but clusters of cells 
responded at later times. D. Neuronal media collected immediately after injury and 
incubated with apyrase and NMDA inhibitors (L Y233053 , Ifenprodil, and MK-801) 
suppressed the cellular response. The data are representative of three runs for each 
condition from 6 independent cultures. 
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Hypoxia attenuates Ca2+-mediated communication between neurons and epithelial 
cells after injury 
As demonstrated in Fig 3-3, signaling between primary neuronal cells and 
epithelial cells provided an additional modality for communication. When epithelial cells 
were incubated with neuronal wound media, there was an initial rapid Ca2+ mobilization 
that attenuated, which was followed by a subsequent oscillating Ca2+ response 
characterized by clusters of cells. In particular, the secondary Ca2+ response accompanied 
a wave of clusters that continued to appear throughout the remaining time. The initial 
rapid wave is initiated by ATP, and the second wave is activated by glutamatergic factors 
released from neurons (Oswald and Lee et al., 2012). 
To determine if cell-cell communication between neuronal and epithelial cells is 
altered under hypoxic conditions, we performed a series of Ca2+ mobilization experiments 
(Fig. 3-4). Primary trigeminal ganglia cell and epithelial cell cultures were pre-incubated 
under either normoxia or hypoxia, and epithelial cells exposed to the wound media from 
neuronal cultures. Normoxic neuronal wound media was added to normoxic epithelial 
cells, whereas hypoxic epithelial cells were treated with hypoxic wound media. Controls 
were conditioned media collected before scratch-wounding normoxic cell cultures as 
described in Fig. 3-3 (Fig. 3-4A). Additional control experiments were performed where 
hypoxic neuronal wound media was added to normoxic epithelial cells and vice versa (Fig. 
3-4D and E). 
Consistent with previous fmdings, while conditioned media did not elicit any 
77 
increase in fluorescence intensity (Fig. 3-4A), epithelial cells exhibited a complex bimodal 
Ca2+ response under normoxic conditions where a sharp initial response was followed by a 
continuous oscillatory Ca2+ mobilization (Fig. 3-4B). In contrast, when epithelial cells 
were stimulated under hypoxic conditions, Ca2+ was attenuated (Fig. 3-4C). There was no 
initial increase in the fluorescence intensity upon wound media treatment, and the 
secondary Ca2+ mobilization disappeared. When normoxic epithelial cells were stimulated 
with hypoxic neuronal wound media (Fig. 3-4D), cells retained the ability to induce Ca2+ 
mobilization. In contrast, when epithelial cells were pre-incubated under hypoxic 
conditions and stimulated with normoxic neuronal wound media (Fig. 3-4E), the Ca2+ 
response was attenuated as seen in Fig 3-4C. These results suggest that hypoxic stress on 




















Figure 3-4. Hypoxia diminishes crosstalk between epithelial and neuronal cells after 
injury. Epithelial cultures were incubated with Fluo3-AM and stimulated with the media 
harvested from primary neuronal cultures. Pseudo-colored images are displayed in 2.5D to 
show cell response over time using a six color intensity scale. Basal levels were obtained 
prior to stimulation. Blue color represents the lowest level while magenta color represents 
the highest level. 
A-E Primary trigeminal ganglia were cultured and conditioned media collected (C). 
Neuronal wound media was collected from cultures incubated under either normoxia (Nx) 
or hypoxia (Hx). HCLEs were incubated under either Nx or Hx for 24 hours, washed and 
incubated with Fluo-3 AM. The epithelial response to the neuronal wound media was 
monitored for over 600 frames at 0.789 sec/frame. The epithelial response to the neuronal 
wound media was monitored for over 600 frames (0.789 sec/frame), using a Zeiss 510 
confocal microscope. 
A. Ca2+ mobilization of epithelial cells incubated in response to conditioned media. B. 
Ca2+ mobilization of epithelial cells incubated under normoxic conditions in response to 
Nx neuronal wound media. C. Ca2+ mobilization of epithelial cells incubated under 
hypoxic conditions in response to Hx neuronal wound media. D. Ca2+ mobilization of 
epithelial cells under normoxic conditions in response to Hx neuronal wound media. E. 
Ca2+ mobilization of epithelial cells under hypoxic conditions in response to Nx neuronal 
wound media. Data is representative of minimum of three independent experiments. 
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Because there were complex epithelial Ca2+ dynamics upon neuronal wound 
media treatment under different oxygen conditions, our next goal was to analyze 
communication patterns between cells. A signaling-sorting algorithm was developed to 
extract location and crosstalk between activated cells. Cells were segmented using nuclei 
and the location of each nucleus was detected using average fluorescence intensity value 
calculated from each maximum and minimum intensity. Once cells were segmented, 
activated cells were determined by eliminating background signals. Values obtained from 
blank runs were subtracted. Calculating the diameter of each cell allowed us to ask if an 
activated cell induced the activation of neighboring cells, and formation of cell clusters 
where active cell-cell communication occurred. In this way, we examined whether 
hypoxia affected crosstalk between cells during wound response (Fig. 3-5). 
Our analyses demonstrate marked differences in Ca2+ dynamics between 
normoxic and hypoxic conditions. Under normoxic conditions, epithelial cells elicit an 
initial sharp increase in average normalized fluorescence intensity ( 151% ), followed by a 
secondary mobilization that occurred for the duration of each run (Fig. 3-SA). For all 
experiments the percentage of activated cells was determined by eliminating background 
signals and activated cells were considered to be those above the 95th percentile of 
control cell intensity. Under normoxia, the neuronal wound media elicited a Ca2+ 
mobilization in over 20% of the cell population (Fig. 3-SB). To assess the number of cells 
that activated each other in response to neuronal wound media treatment, we analyzed the 
percentage of cells in a cluster compared to the total number of cells under normoxia. 
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When neuronal wound media was added, over 10% oftotal cells were activated to form 
clusters, and the percentage of cells in each cluster appeared to remain at a similar level 
(Fig. 3-SB, C). Additionally, we found that neuronal wound media induced an increase in 
the number of detected clusters throughout the run(# of clusters per 7.89 sec (10 frames)) 
(Fig. 3-5), which correlated with the increase in the secondary Ca2+ response detected in 
Fig 3-SB. 
Under hypoxia, there was an overall decrease in the average fluorescence 
intensity, and both the initial and secondary responses were attenuated (Fig. 3-SA). In 
addition, the number of activated cells above the base line level was significantly 
decreased under hypoxia, compared to normoxic cultures (Fig. 3-SB). To assess if 
hypoxia altered the number of cells that activated each other in response to neuronal 
wound media treatment, we analyzed the percentage of cells in a cluster compared to the 
total number of cells under normoxia or hypoxia. The number of cells participating in a 
cluster-formation was significantly decreased under hypoxic conditions (Fig. 3-SC), 
indicative of changes in cell-cell communication. These correlated with a decrease in the 
number of clusters formed under hypoxia(# of clusters per 7.89 sec (10 frames)). 
Together, the data suggest that the decrease in ATP-induced Ca2+ mobilization under 
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Figure 3-5. Hypoxia diminishes crosstalk between epithelial and neuronal cells after 
injury. 
HCLEs were incubated under either nonnoxia (Nx) or hypoxia (Hx) for 24 hours, washed 
and incubated with Fluo-3 AM. Neuronal wound media was collected from cultures 
incubated under either nonnoxia (Nx) or hypoxia (Hx). The epithelial response to the 
neuronal wound media was monitored for over 600 frames at 0.789 sec/frame. Data was 
exported into the MA TLAB software written for analysis. A. Percent change in average 
fluorescence ofHCLEs in response to neuronal wound media. B. Percent of cells 
activated over time. C. Percent of cells participating in cluster formation. D. Number of 
clusters per 7.89 sec (10 frames). 
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Hypoxia impairs Ca2+ mobilization upon injury in epithelial cells . . 
The effect of hypoxia on Ca2+ mobilization in epithelial cells after injury was 
evaluated. For each experiment, changes in Ca2+ mobilization were collected for 500 
frames (0.789 sec/frame) and 50 frames were collected prior to injury to set the baseline 
level. We found that there was no detectable change in the maximum recovery of Ca2+ 
response under hypoxia (P> 0.05). However, the distance that the Ca2+ wave traveled 
under hypoxia did decrease by 38.6% (P<0.05, Fig. 3-6A). Since hypoxia diminished the 
injury-induced propagation of Ca2+ upon injury, we asked if there were changes in the 
mobilization of Ca2+ in the absence of extracellular Ca2+. Under normoxic conditions, the 
propagation of the Ca2+ in response to injury was attenuated (p<0.05) as shown in our 
previous work (Weingeret al., 2005), whereas percent maximal fluorescence did not 
change (p> 0.05), compared to the control (Fig. 4A). In contrast, when cells were injured 
under hypoxic conditions, Ca2+ mobilization was completely abrogated (Fig. 3-6B). The 
results suggest that hypoxic conditions attenuate the intracellular Ca2+ release from stores. 
The next set of experiments (Fig. 3-6C) further support that hypoxic conditions 
attenuate the intracellular Ca2+ release from intracellular stores. As previously shown, 
when cells were preincubated under normoxic conditions and then incubated with 25 flM 
BAPTA-AM, a cell-permeant Ca2+ chelator, for 20 minutes, there was a significant 
decrease in maximal percent change in fluorescence and the distance the Ca2+ wave 
traveled compared to normoxic control (P<0.05) (Klepeis, Comell-Bell,&Trinkaus-
Randall, 2001) (Figs. 4A and 4C). However, when the cells were pre-incubated with 
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BAPTA-AM and incubated under hypoxic conditions there was no additional decrease in 
the distance that the Ca2+ wave traveled from the origin of the wound compared to 
hypoxic control (P>0.05) (Fig. 3-6C). 
We then asked ifthe impairment of ATP-dependent Ca2+ uptake into intracellular 
stores contributed to hypoxia-induced changes in Ca2+ mobilization (Fig. 3-6D). HCLEs 
were pre-incubated with 1 ~-tM thapsigargin (TG), which inhibits the A TP-dependent ER 
Ca2+ pumps (Lytton, Westlin,&Hanley, 1991). As expected, there was a decrease in 
maximal percent change in fluorescence and Ca2+ wave propagation upon injury under 
normoxia (P<0.05) (Fig. 3-6D). The propagation of Ca2+ wave did not move further than 
2-3 cells adjacent to the wound edge. When cells were incubated under hypoxia in the 
presence or absence of thapsigargin, there was no additional decrease in Ca2+ 
mobilization (P>0.05). These results indicate that disrupted ATPase-mediated cycles of 
Ca2+ release and uptake induce the attenuated injury-induced Ca2+ response (Fig. 3-6A). 
Taken together, the data suggest hypoxia impairs Ca2+ mobilization of epithelial cells, 
which modulates early events of corneal wound healing. Our data demonstrate that the 
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Figure 3-6. Hypoxia attenuated injury-induced Ca2+ mobilization in HCLEs. 
HCLEs were plated on a cover slip coated with bovine serum. HCLEs were pre-incubated 
under hypoxia for 24 hours. For Ca2+ imaging, cells were incubated with 10 1-LM of 
acetoxymethy (AM) ester derivatives of fluorescent Ca2+ indicators (Fluo 3-AM) 
(Invitrogen, CA) in an HEPES-buffered saline solution. Ca2+ response was induced by 
mechanical stimulation. Experiments were performed in both Ca2+ -containing and Ca2+-
free HEPES buffer. Images were taken at 20X magnification using a Zeiss LSM 510 
confocal microscope. A. A time series of Ca2+ mobilization after injury. B. A time series 
ofCa2+ mobilization after incubation in Ca2+-free HEPES buffer followed by injury. C. A 
time series ofCa2+ mobilization after incubation in BAPTA-AM (25 !-LM) followed by 
injury. D. Images taken 90 sec after injury of cultures incubated in the presence and 
absence ofthapsigargin (TG) 0!-LM). Data is representative of at least three experiments 
with similar results. Scale bar= 200!-lm, applies to all images. 
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Hypoxia alters the membrane potential of the miochondria 
To examine epithelial cellular response to hypoxia, we tested whether the 
physiology of cells was altered and evaluated the mitochondrial activity (Fig. 3-7 A). The 
cells were incubated under both normoxic and hypoxic conditions for 4 and 24 hours. 
The cultures were then incubated with mitochondrial membrane potential detection dye 
for 30 minutes. Using confocal microscopy and Image J, the fluorescence intensity of the 
mitochondrial dye in each cell was determined. After 4 hours of hypoxic incubation, 
there were no changes in fluorescence. In contrast, after 24 hours of hypoxia, there was a 
twofold decrease in fluorescence intensity (Fig. 3-7 A, Student's t-test, p<0.05). The result 
suggests that the membrane potential of the mitochondria was reduced under hypoxia. To 
assess the integrity of epithelial cells under decreased oxygen levels, experiments were 
performed to evaluate the presence of lactate dehydrogenase (LDH) in the media 
collected from HCLEs. LDH was assayed at 0.5, 1, 2, 3, 4 and 24 hours of exposure to 
either normoxic or hypoxic conditions. There was no significant increase in released 
LDH over the time course (p > 0.05) (Fig. 3-7B). Furthermore, there was no difference in 
total amount of LDH in the cells between normoxic and hypoxic conditions (Fig. 3-7B, 
Top). Thus, the results demonstrated that there was no damage on the plasma membrane 
due to prolonged decrease in oxygen levels. 
Taken together, the results indicate that hypoxic conditions induce changes in the 
functional integrity of the mitochondrial complex. However, under these conditions, there 
was no detectable plasma membrane breakdown. Because we detected the changes in 
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mitochondrial membrane potential after 24 hours of exposure to hypoxia, we used this 
time point to examine alterations caused by hypoxia in our epithelial cells. 
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Figure 3-7. The effect of hypoxia on cellular physiology. 
A. Hypoxic conditions decrease the mitochondrial membrane potential. HCLEs were 
incubated under either Normoxia (Nx) or Hypoxia (Hx). Mitochondrial membrane 
detection dye (Cell Technology, CA) was used (images at left). Fluorescence intensity for 
each epithelial cell was quantified using Image J (n=22). Student's t-test was performed 
to determine significance (*P<0.05). Data represent a minimum of three runs. Images 
were taken at 40X magnification using a Zeiss LSM 700 confocal microscope. Scale bar 
=50 1-1m, applies to all images. 
B. Hypoxia does not induce the release of lactate dehydrogenase (LDH). HCLEs were 
plated and incubated under either normoxia (Nx) or hypoxia (Hx) for 30 minutes, 1, 2, 3, 
4 or 24 hours. The media was collected after each time point. A colorimetric assay was 
performed to measure the level ofLDH in the media. The cells were lysed with Trion-
XlOO to evaluate the total level ofLDH. Data represent a minimum ofthree experiments. 
Student's t-test was performed to determine significance (P>0.05). 
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Reduction of ATP levels under hypoxic conditions 
Previous work from our lab showed that ATP is released upon corneal injury, 
which induces Ca2+ mobilization to surrounding cells, leading to the activation of wound 
healing signaling pathways (Klepeiset al., 2001). Based on our results that demonstrated 
changes in the mitochondrial functionality, we speculated that hypoxia would lead to a 
decrease in the production of A TP, and subsequent changes in downstream pathways 
involved in corneal wound repair. To examine whether the amount of released ATP upon 
injury was changed, cells were pre-incubated under either normoxic or hypoxic 
conditions for either 24 or 48 hours, subjected to scratch-wounding, and the level of ATP 
released into the media was measured immediately. (W). Hypoxic conditions 
significantly decreased the amount of released ATP for all time points, compared 
normoxic conditions (24 and 48 hours, Fig. 3-8A). For unwounded cultures (C), both 
normoxic and hypoxic conditions did not induce the release of A TP after 24 and 48 hours. 
Parallel experiments were performed on primary neuronal cultures, but this time neurons 
were incubated for 4 hours as they could not tolerate longer exposure to hypoxia (3-8B). 
In addition, we examined intracellular concentrations of ATP (Fig. 3-8C). HCLEs 
were incubated under either normoxia or hypoxia for 24 and 48 hours. Consistent with 
our results from scratch wounding experiments, hypoxic conditions significantly re.duced 
(p<0.05) the amount of ATP present in HCLEs for both 24 and 48 hours (Fig. 3-8C). 
Taken together, the results suggest that there is less ATP release under hypoxic 
conditions upon injury, which may contributed to changes in early wound repair events. 
93 
We speculated that a decrease in the amount of ATP may impact the purinergic receptor 
signaling pathway that use ATP as a ligand, which has been shown to be critical for the 
promotion of corneal wound healing by modulating Ca2+ mobilization (Boucheret al. , 
2011 , Boucheret al. , 2010, Boucheret al. , 2007, Klepeiset al. , 2004). 
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Figure 3-8. Hypoxia alters A TP levels in cells. 
A. Injury releases less ATP under hypoxic conditions. HCLEs were cultured to 70-80% 
confluency, then pre-incubated under either normoxic (Nx) or hypoxic conditions (Hx) 
for either 24 or 48 hours. The media from either unwounded (C) or wounded (W) HCLEs 
were harvested, and the amount of A TP released from cells into the media was 
determined using a bioluminescence assay. 
B. Neuronal cultures release reduced ATP under hypoxia. Trigeminal neuronal cells 
were cultured and incubated under either normoxic (Nx) or hypoxic (Hx) conditions for 
either 24 or 48 hours. The media from either unwounded (C) or wounded (W) cell 
cultures were harvested, and A TP released into media was determined using a 
bioluminescence assay. 
C. Intracellular ATP present in epithelial cells is decreased under hypoxia. After 24 
or 48 hour pre-incubation under either normoxia or hypoxia, HCLEs were harvested 
using a scraper in ice-cold PBS and sonicated for 2 minutes. Rat neuronal cells were pre-
incubated for 4 hours and treated in a same manner. Data are normalized to total protein 
concentrations determined by BCA assay and presented as averaged over a minimum of 
three independent experiments with SEM. Asterisks denote statistically significant 
decreases as determined by Student's t-test (P < 0.05). 
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Hypoxia alters mRNA of P2X7 of HCLEs. 
Based on our knowledge of hypoxia-induced alterations in nucleotide-induced 
Ca2+ mobilization, we asked ifhypoxia affects the expression ofpurinergic receptors in 
corneal epithelial cells. As previously demonstrated, P2Y2 and P2X7 receptors have been 
shown to promote corneal wound repair by modulating Ca2+ mobilization. Previously, we 
demonstrated that P2Y2 mRNA decreases as cells become confluent under normoxic 
conditions (Boucheret al., 201 0). We tested whether hypoxia induces alterations in the 
mRNA of these receptors over time in HCLEs that were actively undergoing proliferation 
(Fig. 3-9). HCLEs were plated and grown under hypoxic condition for 24, 48, and 72 
hours and compared to normoxic controls. We did not detect any significant differences 
between normoxia and hypoxia at any of the time points investigated (Fig.3-9A). 
Moreover, the expression pattern of P2Y2 receptor mRNA was similar between normoxia 
and hypoxia, with a decreased trend ofP2Y2 receptor mRNA in both normoxia and 
hypoxia over time (Fig. 3-9B), which has been shown to be a canonical regulation of the 
P2Y2 mRNA level. These data suggest P2Y2 receptor mRNA level is not affected by 
hypoxia when cells are growing. 
In contrast, there was a significant upregulation in P2X7 receptor mRNA 48hrs 
after exposure to hypoxia (Fig. 3-9C). In our lab, P2X7 receptor has been shown to 
modulate the recruitment of Ca2+ from the external medium. Thus, the results suggest 
HCLEs under hypoxic condition may rely on extracellular Ca2+ for the mobilization of 
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Ca2+ upon injury. Future experiments are required to examine the post-transcriptional 
express! on of the P2X7 receptor at the protein level. 
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Fig 3-9. The mRNA of P2Y2 and P2X7 under normoxic and hypoxic conditions. 
Real-time PCR and the ~~C1 method were used to examine mRNA ofP2Y2 and P2X7 in 
HCLEs. Data were normalized to the 18S rRNA subunit. Each sample was run in 
triplicate and data shown are representative of a minimum of three independent 
experiments. Data was graphed as fold expression. Significance was determined by a 
Student's t-test. *P<0.05 
A. P2Y2 mRNA does not change under hypoxia. The mRNA ofP2Y2 under hypoxia was 
normalized to the normoxic condition B. The mRNA ofP2Y2 expression pattern does 
not change over time under hypoxia when compared to normoxia. The 24 hour time point 
in both normoxia and hypoxia were set to 1. C. The mRNA ofP2X7 is significantly 
increased at day 2. 
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Hypoxia attenuates the P2Y or P2X receptor-induced Ca2+ mobilization 
Previously, our lab demonstrated that nucleotides were released with injury and 
that knockdown of the P2Y2 receptor attenuated injury-induced Ca2+ mobilization.- In 
contrast, knockdown of the P2Y4 receptor did not significantly affect the corneal 
epithelial wound response (Boucheret al., 201 0). Additional studies demonstrated that the 
P2X7 receptor was activated with BzATP and that distinct sources ofCa2+ adjacent to the 
wound margin were involved in the injury response (Mankuset al., 2011). Since hypoxia 
altered the mobilization ofCa2+ upon injury, it was important to determine ifthere are 
changes in the purinergic receptor-mediated pathways. HCLEs were incubated under 
either normoxic or hypoxic conditions for 24 or 48 hours, and cells stimulated with 
agonists specific to either P2Y2 or P2X7 receptors: UTP (1 00 f.!M) or BzA TP (1 00 f.!M) 
respectively (Fig. 3-10). The concentration of agonist was used in excess of what is 
released from cells to determine if hypoxia affects specific purinergic receptor functions. 
Compared to cells treated under normoxic conditions, cells stimulated with UTP under 
hypoxic conditions decreased Ca2+ mobilization by 22.9% at 24 hours and 35.4% at 48 
hours, but the differences were not significant (P> 0.05) (Fig. 3-10). In contrast, BzATP-
stimulated Ca2+ mobilization was significantly decreased by 72.4 and 56.2%, at 24 and 48 
hours respectively (P<0.05). 
These results indicated that P2X7 receptor -mediated recruitment of Ca2+ from an 
external source was abrogated under hypoxia, whereas the P2Y2 receptor-induced 
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Figure 3-10. Hypoxia alters the P2Y or P2X receptor-induced Ca2+ mobilization. 
HCLEs were pre-incubated either normoxia (Nx) or hypoxia (Hx) for 24 or 48 hours. 
Cells were loaded with Fluo3-AM for 20 minutes, washed and imaged in a flow-through 
apparatus on a Zeiss LSM 510 confocal microscope. Cells were stimulated with either 
1001-!M ofUTP or BzATP. The maximal percent change in average fluorescence was 
calculated. Data are representative of a minimum of three independent experiments. 
Student's t-test was performed (P<0.05). 
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Hypoxia impairs cell-to-cell communication 
Since we observed hypoxia-induced changes in Ca2+ mobilization, we then asked 
if the functionality of gap junctions were altered by hypoxia. Gap junctions facilitate the 
propagation of Ca2+ by allowing the passage of cytosolic components involved in Ca2+ 
mobilization. 
Because our lab has shown that inhibition of functions of gap junctions decreases 
Ca2+ mobilization in HCLEs (Oswaldet al. , 2012), experiments were performed to 
determine whether communication mediated by gap junctions is altered under hypoxic 
conditions. Fluorescence recovery of photo bleached cells was monitored for 400 frames 
at 1 0 sec/frame. As a control, an unbleached cell was monitored at the same time and 
used to normalize the rate of recovery over time of the photo bleached cells. There was 
attenuation in the recovery under hypoxia (Fig. 3-10, top). The percentage ofrecovery at 
400 frames showed a significant decrease in fluorescence recovery over time compared 
with the control cells incubated under normoxic conditions. Maximal recovery under 
normoxic and hypoxic conditions was 61.1 and 40.3%, respectively (Fig. 3-11, bottom, 
P<0.05). Therefore, the data suggest hypoxia impairs the function of gap junctions which 
may contribute to the decrease in Ca2+ mobilization post-injury. 
We next examined whether the localization of connexin 43 (Cx 43) is altered 
under hypoxia using immunofluorescence staining on HCLEs. Our results revealed that 
Cx 43 is localized along the cell junction under both conditions (Fig. 3-11 B). As the 
localization of Cx 43 did not change, we speculate that the changes in the functionality 
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could be due to changes in the phosphorylation state of Cx 43 under hypoxia (Thi, Islam, 
Suadicani,&Spray, 2012). Because Cx 26, 30, 37, 40, 43 and 45 mRNA are expressed in 
corneal epithelium, and at the protein level Cx 32, 43 and 50 were detected (Klepeiset al. , 
2001 ), future work is needed to explore the role of several other connexins in the 
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Figure 3-11. The effect of hypoxia on gap junction-mediated cell to cell 
communication. 
A. HCLEs were plated on cover slips coated with FBS. HCLEs were cultured under 
either normoxia (Nx) or hypoxia (Hx) for 24 hours. For FRAP experiment, HCLEs were 
incubated with 5-CFDA, AM dye. The dye was photobleached with repeated pulses from 
a high intensity laser. Fluorescence recovery over time was monitored by taking a series 
of images (1 frame per 10 sec, 400 frames total). Seven independent experiments were 
performed. Significance was determined by a Student' s t-test (*P< 0.05). 
B. Cx 43 was localized along the boundaries of cells. The localization of Cx 43 in HCLEs 
was examined using a rabbit anti-Cx43 antibody (green). HCLEs were counterstained 
with rhodamine phalloidin (red) and DAPI (blue). Scale bar= 50~m, applies to all 
images. 
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2) The role of glutamatergic signaling pathways in corneal response to injury 
Neuronal wound media increases the localization of NMDA receptors in scratch-
wounded HCLEs 
As demonstrated in Fig. 3-3, communication between sensory neurons and 
epithelial cells is mediated by both purinergic and glutamatergic receptors. In particular, 
our lab is interested in NMDA receptors, because inhibition of these receptors induced 
the attenuated Ca2+ mobilization during corneal response to injury (Fig 3-3D). In addition, 
we have shown that there was a significant increase in the percent of epithelial cells that 
exhibited oscillatory Ca2+ response with either glutamate or NMDA treatment compared 
to control, whereas only a minimal Ca2+ response was induced when Kainate or 2-amino-
3-(3-hydroxy-5-methyl-isoxazol-4-yl) propanoic acid (AMP A) (Oswaldet al., 2012). 
To further characterize the regulation ofNMDA receptors in HCLEs upon injury, 
neuronal wound media collected from the trigeminal cultures were added to HCLE 
cultures and incubated for 3 hours. We speculated that secreted signaling factors in the 
wound media such as nucleotides and glutamate would alter the localization ofNMDA 
receptors. When epithelial cells were treated with conditioned media, the media from 
unwounded neuronal cultures, NMDA receptors were present as punctate foci at the cell 
junctures (Fig. 3-12). Interestingly, treating with neuronal wound media significantly 





































NMDAR-1 DAPI & Phalloidin Composite 
110 
Figure 3-12. Neuronal wound media increases the localization ofNMDA receptors 
in scratch-wounded HCLEs. NMDA receptors were detected using a primary antibody 
specific to the NR-1 subunit (Green). Tiled confocal images at 40x magnification were 
collected and representative images are shown. Cells were counterstained with rhodamine 
phalloidin (red) and DAPI (blue). Negative control is shown at the bottom. Scale bar= 50 
!liD, applies to all images (Oswald and Lee, et al, 2012). 
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Neuronal wound media promotes directed cell migration during wound closure. 
Because neuronal wound media increased the NMDA receptor expression, we 
then examined the role of the NMDA receptor in cell migration or wound repair. HCLEs 
were scratch wounded and exposed to the neuronal wound media. The directionality of 
cell migration in the presence or absence of neuronal wound media was evaluated. 
Migrating cells at each side of the wound edge were tracked, and image analysis of 
individual cells was performed (Fig. 3-13). The analysis demonstrated that the cells 
incubated with neuronal wound media exhibit directed migration towards the other side 
of wound edge, compared to control (Fig. 3-13A). The number of migrating cells within a 
1 0 degree angle of the vertical axis was quantified and normalized to those in the 
quiescent media (Fig. 3-12B). Together, these data indicate that crosstalk that involves 
both purinergic and NMDA receptors exists between neuronal and epithelial cells, which 
promotes the directed cell migration during wound closure. 
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Figure 3-13. Neuronal wound media enhances directed cell migration in scratch-
wounded HCLEs. A. Scratch wound assays were performed and neuronal wound media 
or control media (quiescent media) was added and images were taken every 20 min in an 
environmental chamber over a period of 24 hours, and cell migration was tracked using a 
Zeiss 510 LSM confocal microscope. An angle of 1 0° on either side of Y -axis was used 
to assess the directionality of cell migration over time. B. The number of cells migrating 
towards the opposite wound edge within 10 degrees of the vertical axis was normalized to 
1 for those in the quiescent media condition using ImageJ. Data represent a minimum of 
three independent experiments (Oswald and Lee, et al. 2012). 
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NMDAR-1 localization in HCLEs is altered under hypoxic conditions 
To correlate the corneal wounding experiments with glutamatergic signaling 
cascades (Fig-3-3), we determined effects of hypoxia on the expression ofNMDAR-1 in 
HCLE cells. HCLEs were pre-incubated for either 24 or 48 hours under normoxic or 
hypoxic conditions. NMDAR-1 was more punctate in both the normoxic and hypoxic 
conditions after 48 hours when compared with the 24 hours incubation. However, the 
staining pattern in the hypoxic cells was more diffuse and cytosolic when compared with 
normoxia. The staining pattern in the normoxic cells was more focused at the cell 
junctions. There was an overall decrease in NMDAR-1 staining in unwounded HCLEs 






Figure 3-14. NMDAR-llocalization in HCLEs is altered under hypoxic conditions. 
Unwounded HCLEs were pre-incubated under either normoxic or hypoxic conditions for 
24 and 48 hours prior to fixation and staining for NMDAR-1 (green) and counter-staining 
with DAPI (blue) and rhodamine phalloidin (red). Tiled confocal images at 40x 
magnification were collected. Representative images are shown. NC= Negative control. 
Data represent a minimum of three independent experiments. Scale bar= 50 f!m, applies 
to all images. 
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Neuronal wound media enhances NMDA receptors and pannexin-1 expression in 
HCLEs, but this mode of action is blocked by glutamate receptor inhibitors 
To further characterize glutamatergic signaling and its role in communication 
between cells upon injury, HCLEs were treated with conditioned media or neuronal 
wound media under normoxia, but this time, in the presence or absence of a cocktail of 
NMDA inhibitors (Fig. 3-15). The cocktail of inhibitors included MPQX/ZK200775, a 
competitive agonist of the AMP A and Kainate receptors, Ifenprodil, a selective inhibitor 
of the NR2B subunit of the NMDA receptor, L Y233053, a competitive antagonist of the 
NMDA receptor, and MK-801, a non-competitive antagonist of the NMDA receptor. 
Consistent with previous data (Fig. 3-12), cells incubated with neuronal wound media for 
3 hours exhibited a greater staining intensity compared to that of cells incubated with 
conditioned media (Fig. 3-15). NMDA receptors were predominantly localized at the 
cytosol with less at the membrane. Furthermore, treating cells with inhibitors induced a 
decrease in the detected NMDA receptor level. 
Additionally, to further characterize glutamatergic signaling during corneal 
response to injury, we examined the expression and localization ofpannexins in each 
condition. Pannexins are a pore-forming hemichannel that has been shown to interact 
with glutamatergic singling (Orellanaet al., 2011, Thompson&Macvicar, 2008). 
Furthermore, previous work has demonstrated that P2X7 receptors bind to pannexin 
pores to play a modulatory role in many cellular functions including during corneal 
wound healing (Mankuset al., 2011, Quet al., 2011). 
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To examine ifthere is relationship between NMDA receptors and pannexins in 
the corneal epithelial cells, the cultures stained for NMDA receptors were also stained for 
pannexin-1. The pannexin-1 staining pattern was depended upon the condition. While 
conditioned media did not induce changes in pannexin-1 localization in the presence or 
absence of inhibitors (p=0.696), neuronal wound media enhanced the expression of 
pannexin-1. There was a significant increase in the intensity of pannexin staining with the 
neuronal wound media compared to the cells incubated with conditioned media (p < 0.05). 
Pannexins appeared to be localized as a focused perinuclear form, indicating that 
neuronal wound media stimulated the expression of pannexin proteins, but their 
trafficking to the membrane was not complete. However, when cells were incubated with 
neuronal wound media and the cocktail of inhibitors, there was a significant reduction in 
the intensity of pannexin staining compared to neuronal wound media without inhibitors 
(P< 0.05). Together, these results indicate that inhibiting activation ofNMDA receptors 
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Figure 3-15. Neuronal wound media enhances NMDA receptors and pannexin-1 
expression in HCLEs, but this mode of action is blocked by a cocktail of glutamate 
receptor inhibitors. Tiled images were taken at 40 x magnification using a Zeiss 
confocal microscope. A representative image from the negative control is shown at the 
bottom. Scale bar= 50 11m, applies to all images. Images were taken by and used with 
permission of Cheryl Chi. 
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3) Hypoxia-induced alterations in proteins critical to cell motility and matrix 
assembly after injury. 
Hypoxia diminishes the activation of paxillin critical to cell motility. 
Because the focal adhesion complex mediates cytoskeletal remodeling and 
stabilization during cell migration, we examined whether hypoxia induces changes in 
paxillin, a critical component of focal adhesions. The activation of Paxillin has shown to 
be a direct downstream target ofthe ATP-induced P2Y2 pathway. Notably, exposure to 
ATP, injury, and migration induced changes in the phosphorylation ofpaxillin at Y11 8 
(Klepeiset al. , 2004, Trinkaus-Randall, Kewalramani, Payne,&Comell-Bell, 2000). Thus, 
we first evaluated the effect ofhypoxic conditions on the phosphorylation ofpaxillin at 
Yll8. To determine the influence of hypoxia on phosphorylation ofpaxillin, cells were 
treated with wound media that was collected after cultures were incubated under either 
hypoxic or normoxic conditions for 24 hours. (Fig. 3-16A). Normoxic wound media 
induced a significant increase in phosphorylation ofpaxillin at Y118, which was detected 
at 10 minutes, remained elevated at 30 minutes and gradually subsided over time. In 
contrast, there was no significant change in the phosphorylation at Y11 8 under hypoxic 
conditions (Fig. 3-16A). 
To determine ifthe alterations in Y118 phosphorylation due to hypoxia are 
indicative of impaired motility, we examined the shape ofthe leading edge at the wound 
margin and the localization ofpaxillin in vitro. In the absence of injury, paxillin was 
predominantly localized in the cytoplasm (Fig. 3-16B). The wound margin at 1 hour was 
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similar but after 4 hours of hypoxia, it lacked lamellipodial extensions. Paxillin was 
detected in focal adhesion complexes and there was no difference in cells cultured under 
normoxic or hypoxic conditions at 1 hour but after 4 hours under hypoxic conditions the 
focal adhesions were no longer detected (Fig. 3-16B). 
To assess whether paxillin was recruited to the cytoskeletal framework, HCLEs 
were either extracted with cytoskeleton buffer or not (Gilbert&Fulton, 1985, Small&Celis, 
1978). When there was no wound, total-paxillin was localized in the cytosol of cells (Fig. 
3-16C). After wounding confluent HCLE cultures, the staining pattern ofpaxillin was 
evaluated at 1 and 4 hours. When wounded HCLEs cultured under normoxic conditions 
were incubated in the presence of cytoskeleton buffer prior to fixation, paxillin was 
detected along the wound edge, with staining in lamellipodia of cells at 1 and 4 hours. In 
contrast, paxillin was not detected at the wound edge in cells maintained in hypoxic 
conditions, and the overall detected levels of paxillin were decreased (Fig. 3-16C) 
indicating that more of it was soluble, and was not bound to the cytoskeletal complex. 
Taken together, the results indicate that there was more cytoskeletal complex-
bound insoluble form ofpaxillin under normoxia in response to the injury. Decrease in 
detected paxillin under hypoxia suggest that wound healing mechanism involving the 
formation of focal adhesion complex is impaired, which may be contributing to paxillin 
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Figure 3-16. Hypoxia diminishes the activation of paxillin expression during wound 
healing. A. Hypoxia diminishes the phosphorylation of paxillin at Y118 . A. 
Phosphorylation ofpaxillin Y118 is reduced under hypoxia. Epithelial cells were pre-
incubated for 24 hours under either normoxic (Nx) or hypoxic (Hx) conditions, wounded 
and respective wound media collected immediately. Normoxic media was added 
immediately to normoxic cells in culture and hypoxic media was added immediately to 
hypoxic cells. Protein lysates were collected at designated time points. Phosphorylation 
ofpaxillin at Y118 (p-pax) was normalized to total paxillin. Data are presented in the 
graph as ratio ofp-paxillin to total paxillin and represent the mean expression+/- SEM, 
and Student's t-test was performed (*p < 0.05). Three independent experiments were 
performed. B and C. Recruitment of paxillin to the wound edge is impaired under 
hypoxia. Epithelia were pre-incubated under either normoxia or hypoxia for 24 hours 
prior to scratch wounding. After 1 and 4 hours, cells were fixed and stained for paxillin 
green) and counter-stained with DAPI (blue) and rhodamine phalloidin (red). Arrows 
denote leading edge. C. Cells washed in cytoskeleton buffer and imaged using confocal 
microscopy. Arrowheads denote paxillin. Scale bar= 25 jlm. Data represent a minimum 
of 3 independent experiments. 
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Hypoxia delays wound closure in corneal organ cultures 
To determine the effect of hypoxia on wound closure of the cornea, both rabbit 
and rat ex vivo organ cultures were established. Corneas were wounded and mounted on 
an agar template maintained tissue integrity for up to 96 hours. Initial experiments were 
performed on rabbit organ cultures, where we examined a difference in wound closure. 
We then evaluated the leading edge ofthe migrating epithelium. The wounded corneas 
were incubated under hypoxic conditions for 24 and 48 hours. As a control, corneas were 
cultured under normoxic conditions for the same period of time. Images were taken by 
either a slit lamp or a dissection microscope that was mounted with a digital camera. 
Controls cultured at 21% 0 2 healed wounds after 24 and 48 hours and maintained 
transparency and curvature. Furthermore, it was demonstrated that the organ culture 
model follows normal corneal physiology and maintain corneal functions in vivo (Fig. 3-
17, A and B). To visualize the corneal wound closure, 2% methylene blue staining was 
performed. This dye binds to the basal lamina such that visible or exposed staining of 
indicates an acellular wounded region (arrow). The decrease in 02level with hypoxic 
conditions caused delayed wound closure in these experiments, demonstrated by 
excessive staining with methylene blue, indicative of wound bed, at both 24 and 48 hours 
(Fig. 3-17, C and D). 
To examine the effect of hypoxia on corneal wound healing at the microscopic 
level, the frozen sections of the corneas were cut, and followed by immunofluorescence. 
Our confocal imaging confirmed the impaired wound repair seen at the macroscopic level. 
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Under normoxic conditions, F -actin staining outlined epithelial cells in the control and 
showed basal/apical polarity with complete wound closure (Fig. 3-17 E, Left), whereas 
under hypoxic condition, the F -actin highlighted the incomplete closure and a leading 
edge lacking directionality (Fig. 3-17 E, right). These indicate that hypoxia impairs 
epithelial migration along the basal lamina properly, which suggests possible alterations 
in interaction between extracellular matrix proteins and their binding partners such as 
integrins and focal adhesion complexes. 
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Fig. 3-17 A-D. Hypoxia delays the wound closure of rabbit organ cultures. 
Debridement was performed on the organ culture. Organ cultures were then incubated 
under hypoxic condition for 24 and 48 hours. The wound closure made on the central part 
of the cornea was monitored and images were taken using either a slit lamp or a 
dissection microscope. Simple staining with 2% methylene blue shows delayed wound 
closure in the organ culture under hypoxia. Arrows indicate the staining of methylene 
blue on the open wound of the cornea. 
E. Hypoxia impairs epithelial cell migration the cornea. Organ cultures were 
embedded in Tissue Tek O.C.T (Sakura), and snap frozen in liquid nitrogen. Cultures 
were then cross sectioned using a cryostat at -20, C. F -actin filaments were stained using 
rhodamine phalloidin (1 :50). Cell nuclei were stained with To-Pro-3(1: 1 000). The images 
were taken at 20X magnification using a Zeiss axiovert 1OOM LSM 510 confocal 
microscope. Scale bar= 50 Jlm, applies to all images. 
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To further evaluate the effect of hypoxia on wound closure, parallel experiments 
were performed on rat corneal organ cultures. The rat corneas that received epithelial 
debridement were mounted on agar and incubated under either normoxic or hypoxic 
conditions for 2, 12, 18 and 24 hours, and stained with methylene blue at each time point 
to differentiate the healed and unhealed region as described previously. To assess the 
effect of hypoxic stress on wound closure, the wound size of rat organ cultures was 
measured for all time points (Fig. 3-18A, right). Under normoxic conditions, the wound 
healed after 18 hours. In contrast, wound closure under hypoxic conditions was delayed 
at 12 and 18 hours. However, by 24 hours, the wounds demonstrated closure under both 
normoxic and hypoxic conditions. 
At the 12 hour time point, corneas were stained with phalloidin and DAPI, and the 
leading edge was imaged as a z-series. Under normoxic conditions the leading edge 
displayed typical epitheliallamellipodial protrusions in an en face projection (arrows) 
(Fig. 3-18B). Images of both the superficial and basal cells revealed an active leading 
edge (arrows). In contrast, under hypoxic conditions, lamellipodial protrusions were 
minimal and the basal view revealed cells that lacked directionality (arrows). At the basal 
level, several cells were migrating apart from the leading edge, suggesting that directed 
cell migration was impaired under hypoxic conditions (Fig. 3-17B, bottom right). In 
contrast, the epithelial cells under normoxic conditions displayed typical epithelial 
protrusions as shown in vitro with paxillin (Fig. 3-18B, left). 
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In addition, paxillin was lower under hypoxic conditions in our organ culture 
models (Fig. 3-18C). When the cornea was imaged in cross-section and stained for F-
actin and paxillin, there were marked differences at the leading edge. Corneas incubated 
under normoxic conditions demonstrated a typical leading edge (Fig. 3-18C). In 
comparison under hypoxic conditions, superficial cells were not detected at the leading 
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Figure 3-18. Delayed wound healing of rat organ cultures under hypoxia. A. Corneal 
epithelial abrasions on rat organ cultures heal more rapidly in normoxic conditions. Three 
mm epithelial abrasions were made on the central cornea prior to incubation in either 
normoxic (Nx) or hypoxic (Hx) conditions. Wound closure was monitored at 0, 2, 12, 18, 
and 24 hours using a digital camera mounted on a dissecting microscope to measure the 
area of the remaining abrasion. Data represent a minimum of 3 independent eyes at each 
time point and condition, presented as average area +/- SEM. B. Hypoxia alters cellular 
morphology at the wound edge. After 12 hours incubation, rat cornea organ cultures were 
fixed and counterstained with rhodamine phalloidin (red) and DAPI (blue). Images were 
taken at 40X magnification using a Zeiss Axiovert LSM 700 confocal microscope. 
Arrows in each image denote the wound edge. Data represent a minimum of 3 
independent experiments. Scale bar = 25!-lm. C. Hypoxia alters migrating epithelium. 
Cross-sections of wounded corneas were stained for paxillin (green) and counter-stained 
with DAPI (blue) and rhodamine phalloidin (red). Scale bar= 50microns. Tiled images 
(lx4) of the wound margin are presented. Decreased paxillin and altered stratification of 
superficial cells at the leading edge of corneas cultured under hypoxic conditions, 
compared with corneas cultured in normoxia. Data represent a minimum of 3 
independent experiments. Scale bar= 10011m, applies to all images. 
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Hypoxia decreases the localization of fibronectin during wound repair. 
While we found changes in cellular architecture and in a focal adhesion protein, 
we did not know if there were changes in the extracellular matrix proteins present in the 
basement membrane under hypoxia. Numerous studies have shown that fibronectin is 
transiently expressed along the basal lamina to act as a provisional matrix that supports 
epithelial migration by interacting with integrin-focal adhesion complexes (Cintron, 
Fujikawa, Covington, Foster,&Colvin, 1984, Gipsonet al., 1993, Zieske, Higashijima, 
Spurr-Michaud,&Gipson, 1987). The presence offibronectin was determined at 0, 2, 24, 
and 48 hours after wounding (Fig. 3-19). As predicted, fibronectin was not detected when 
corneas were not wounded (0 hour, Fig. 3-9). These verified that our organ culture 
system responded in an equivalent way to the in vivo wound model. After injury, (2 and 
24 hours), fibronectin was detected at the wound margin and in the stroma under both 
normoxic and hypoxic conditions. However, fibronectin intensity was less under hypoxic 
than normoxic conditions (Fig. 3-19). Again, under hypoxic conditions, fibronectin was 
decreased in the stroma. After wound closure (48 hours), fibronectin staining was not 
observed (Fig. 3-19) (Gipsonet al. , 1993). These results suggest that hypoxia causes a 
decrease in fibronectin during corneal wound repair, and thus it cannot act as a 
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Figure 3-19. Hypoxia decreases the expression offibronectin along the basal lamina 
and stromal interface of wounded corneas. A. Corneas were either wounded [W(+)] or 
unwounded [W(-)] and incubated in either normoxia (Nx) or hypoxia (Hx) for 1, 2, 24, or 
48 hours prior to staining for fibronectin (green) and counter-staining with DAPI (blue) 
and rhodamine phalloidin (red). Images were taken at 40x magnification using a Zeiss 
Axiovert LSM 700 confocal microscope. B. Fibronectin along the basal lamina and in the 
stromal was quantified using ImageJ and presented as corrected total cell fluorescence 
average +/- standard error of mean (SEM) for each time point (0, 2, 24, and 48 hours). 
Scale bar = 1 OOf..Lm, applies to all images. 
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4. Results 
Hypoxia alters the expression of extracellular matrix proteins in the stroma. 
A 3-D multi-cellular construct using primary human corneal fibroblast was used 
in collaboration with Dr. Zieske's laboratory. The construct was developed to establish a 
corneal stroma model to examine matrix assembly under different pathological conditions. 
As the corneal stroma predominantly consists of collagens and proteoglycans with 
sulfated glycosaminoglycans (GAGs), the expression and organization of extracellular 
matrices were examined. Previously, our lab has shown that this construct becomes 
multi-layered and achieves a thickness of 65 microns by 8 weeks. In addition, the 
presence of organized collagen lamellae and proteoglycans with glycosaminoglycan 
(GAG) chains was demonstrated (Renet al. , 2008). This model allows us to examine 
macroscopic wound repair under a controlled environment that resembles the corneal 
stroma. Using this model, we tested whether hypoxia modulates the assembly and 
secretion of the matrix in the stromal part of the cornea. 
Hypoxia modulates the expression of extracellular matrix proteins in the stromal 
construct 
To examine the effects of hypoxia on the expression of extracellular matrix 
(ECM) proteins in the developing stroma, the constructs were cultured for 1, 2 and 4 
weeks, and then incubated under either normoxic or hypoxic conditions for 48 hours. The 
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construct was cut and a portion of it was mounted on the polycarbonate membrane as a 
flat mount for confocal microscopy. Parallel experiments were performed on the 
remaining portions ofthe constructs to determine the expression of matrix rnRNAs. 
Proteoglycans have long been known to play an important role in corneal 
development and pathology. Highly charged GAG chains interact with cell-surface 
binding molecules to modulate signaling pathways involved in corneal wound repair. 
Moreover, proteoglycans in association with sulfated GAG chains interact with collagen 
fibrils in the cornea, which offer the characteristic corneal structures and functions. Under 
hypoxic conditions, there was a decrease in the mRNA of Small Leucine-Rich repeats 
Proteoglycans (SLRPs) including lumican, decorin and keratacan. In contrast, there was 
an increase in perlecan rnRNA expression (Fig. 4-1A). The increase in perlecan 
expression has been shown to be associated with corneal injury, implying that hypoxia 
had created a similarly stressful environment (C. T. Brownet al., 1999). In addition, 
previous work showed that the P2X7 knockout mice displayed an increase in perlecan 
rnRNA and protein expression in the stroma. This was correlated with increased Lysyl 
oxidase (LOX) expression, which crosslinks collagen and elastin, and a marker for 
apoptosis and a downstream target of Hypoxia Inducible Factor-1 (HIF -1 ), (Mankuset al., 
2012). In our stromal construct model, LOX rnRNA was significantly upregulated at all 
times under hypoxic conditions (Fig. 4-1B). 
The cells in the constructs responded to hypoxic conditions with a change in the 
expression of ECM proteins. Type V collagen rnRNA did not change under hypoxic 
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conditions for all time points (1 , 2 and 4 weeks) (Fig. 4-1 C). In contrast, there was a 
significant decrease in Type III collagen expression when constructs were exposed to 
decreased oxygen levels, compared to control normoxic conditions (Fig. 4-1D). Type III 
collagen mRNA was decreased at 2 weeks (Fig. 4-1D, right). 
Fibronectin is one of a number of ECM proteins that serve as a transient matrix 
along the basal lamina following injury to the stroma. Gipson et al. postulated that 
fibronectin played a role in the adhesion of epithelium to the stroma during wound repair 
(Gipsonet al., 1993). As shown previously, our organ culture experiments demonstrated 
that fibronectin appears after injury, and returned to basal levels after wound closure (Fig. 
3-19). At 1 week, there was a significant increase in the expression offibronectin after 
exposure to hypoxia for 48 hours. However, this increase was not detected in the 2 and 4 
weeks constructs (Fig. 4-1E). We predict the stromal construct responds to a stress 
caused by hypoxia by mimicking corneal injury response in vivo. 
Smooth muscle alpha actin (SMA) is a marker for stress and is a reliable marker 
for pathological conditions such as in differentiating cells, in a wound repair and invading 
tumors. In corneal injuries, keratocytes in the stroma differentiate into myofibroblasts, 
which then synthesize SMA. We found that hypoxic conditions did not induce a 
detectable change in mRNA or protein expression of SMA at any time point (Fig. 4-lF). 
We speculate that this may due to the fact that there was no actual injury in the construct, 
and hypoxic stress did not induce the formation of myofibroblasts. There was also no 
change in shape indicating a lack of contracture associated with an injury. 
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Figure 4-1. Hypoxia induces changes in the regulation ofECM proteins in the 
construct model. 1, 2, and 4 week constructs were collected after exposure to normoxic 
and hypoxic condition for 48 hours. Each construct was processed for 
immunofluorescence. The construct was incubated overnight with primary antibodies 
specific to; Type III collagen, fibronectin, and smooth muscle alpha actin. It was 
counterstained with rhodamine phalloidin (1 :80) and To-Pro-3 (1 :1000). Real-time PCR 
experiments were performed to examine the mRNA ofECM in the stromal construct 
under hypoxia. Scale bar= 50 f.!m, applies to all images. 
A. Proteoglycan mRNA was altered by hypoxic conditions. B. Lysyl oxidase (LOX) 
mRNA was significantly upregulated under hypoxia at 2 weeks. C. Real-time PCR 
analysis of Type V collagen at 1, 2 and 4 weeks. D. The expression of Type III collagen 
was decreased at both protein and mRNA levels (n=2). E. Fibronectin deposition was 
assessed by immunofluorescence. Under hypoxia, fibronectin expression mimics that in 
the corneal injury response in vivo. F. The expression of SMA under hypoxia was 
examined by immunofluorescence and real-time PCR. Results were averaged and 
presented as+/- SEM. Statistical significance was determined by the Student's t-test and 
*p<0.05. Each experiment was performed a minimum ofthree times. 
145 
The assembly of stromal ECM proteins in the construct under hypoxia 
To examine changes in ultrastructure, 1 week-cultured constructs incubated 
under both normoxic and hypoxic conditions for 48 hours were evaluated by 
transmission electron microscopy (TEM). A multi-layered matrix of 5-7 cells was laid 
down by fibroblasts under both normoxic and hypoxic conditions. Electron micrographs 
by TEM demonstrated that the cells were able to synthesize an abundant amount of 
matrix at 1 week under both conditions (Fig. 4-2). Furthermore, assembled collagen 
fibrils in the construct were detected (Fig. 4-2). These results indicate that the construct 
can rapidly develop and stratify the matrix seen in the corneal stroma. However, there 
were no detectable structural changes in the matrix under hypoxic conditions compared 
to normoxia in 1 week constructs. As there were alterations in various proteoglycans 
under hypoxia (Fig. 4-1 ), we then speculated that there would be observable changes in 
the sulfated GAG chains associated with collagen fibrils (Fig. 4-3). 
To examine the presence of sulfated GAG moieties, constructs were stained with 
Curpolinic blue, a cationic dye that stains sulfated GAGs and appears as electron dense 
filaments. After 1 and 2 weeks, the stromal constructs were exposed to normoxic or 
hypoxic conditions for 48 hours. To detect electron dense filaments, images were taken 
at the highest magnification available (1 OO,OOOX). Sulfated GAGs were detected as 
electron dense filaments (Fig. 4-3A). When the number of sulfated GAGs per 100 nrn 
of collagen fibril was counted, there was no difference at 1 week. However, in the 2 
week-constructs, incubation under hypoxia caused a decrease in the number of sulfated 
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GAG chains compared to normoxia (Fig. 4-3B). These data suggest that after 2 weeks, 
the cells are responsive to changes in the environment resulting in decreased 
proteoglycan sulfation of the stromal constructs. 
Taken together, our results indicate hypoxia induces dramatic changes in the 
expression of proteoglycans in the stromal constructs. These changes caused by hypoxia 
could alter the assembly and stratification of the matrix in the cornea during wound 
repair. For instance, there may be alterations in electrostatic interactions between 
growth factors and ECM molecules, potentially leading to the disruption of the corneal 
stroma under compromised conditions such as injury. Furthermore, the expression of 
markers for corneal injury was altered, and these include Type III collagen, fibronectin 
and perlecan. Previous studies have shown that these markers undergo alterations 
depending on the corneal environment (Karamichos, Hutcheon,&Zieske, 2011). An 
increase in perlecan expression has been shown to be associated with corneal injury and 
hypoxia seemed to create a stressful environment (Inomataet al., 2012). In future studies, 
the expression of these proteoglycan cores will be examined. The dramatic change in 
ECM components suggests that hypoxia has the ability to rapidly modify the stromal 
matrix. It is unclear whether hypoxia-induced changes in the cornea are exerted through 
a canonical HIF-LOX signaling pathway. Our data have shown that LOX mRNA is 
upregulated in both HCLEs and stromal constructs under hypoxia. In addition, various 
small Leucine Repeating Proteins (SLRPs) such as keratocan, decorin and lumican 
mRNA were downregulated under hypoxic conditions. These data indicate a possible 
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role of the HIF-LOX signaling pathway in the modulation of the ECM in the cornea. We 
predict that hypoxic conditions will induce significant alterations in the protein levels of 
ECM components in the construct. 
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Figure 4-2. Constructs after one week (20,000x). Organized collagen fibrils 
assembled by corneal fibroblasts are shown. For light and transmission electron 
microscopy, constructs were fixed in modified Kamovsky's fixative containing 2% 
paraformaldehyde and 2.5% glutaraldehyde in pH 7.4 cacodylate buffer. Multiple layers 





Figure 4-3. Hypoxia decreases the sulfation of glycosaminoglycan in the stromal 
construct. 
A. Electron micrographs of electron dense filaments stained with Cuprolinic blue on 1 
and 2 week stromal constructs (1 OO,OOOX). The scale bar is 100 nm. Representative 
images are shown. B. Collagen fibril lengths were measured, and the number of 
proteoglycan (PG) units along each fibril was counted. Data was normalized to the 
number of PG units per 1 OOnm collagen. Arrows denote Cuprolinic blue deposits. Results 
were averaged and are presented as+/- SEM. Statistical significance was determined by 




The cornea is an excellent model to study wound repair, because it offers a simple 
system that is avascular, transparent, innervated and whose epithelium undergoes 
continuous renewal. In this study, we focused on Ca2+ -mediated communication between 
different cell types such as sensory neurons and epithelial cells that occurs after injury, 
and asked how it is altered by decreased oxygen levels. Previously, we demonstrated that 
when the epithelium is injured in vitro, nucleotides are released and a Ca2+ wave 
propagates to neighboring cells (Boucheret al., 2007, Klepeiset al., 2001). However, for 
proper wound closure in vivo, the presence of sensory neurons is critical and in co-
cultures we found that the neurons released factors such as A TP and glutamate that 
altered signaling at the level of Ca2+ mobilization and ultimately leading to changes in 
directed cell migration. The release of A TP from epithelial cells induced the release of 
glutamate from neuronal cells that then caused the release of ATP; indicative of a 
reciprocal response between glutamatergic and purinergic receptors (Oswald and Lee et 
al., 2012). Furthermore, specific NMDA receptors are expressed in epithelium and 
inhibition by NMDA inhibitors attenuated intercellular communication. Here, we found 
that hypoxia induces significant changes in Ca2+ mobilization between epithelial-
epithelial and neuronal-epithelial cells after injury, leading to changes in localization and 
activation of proteins involved in cell migration, and ultimately resulting in delayed 
wound closure. These results help address why neurons are required for proper wound 
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repair. The aim of our current work was to determine how the signaling between 
epithelial cells is altered under hypoxia. 
a. Ca2+-mediated communication between neurons and epithelial cells after injury 
and the impact of hypoxic stress 
Ca2+-mediated crosstalk between innervating neurons and epithelia is facilitated 
through both purinergic and glutamatergic receptors 
As cells migrate to repair wounded epithelium, they must communicate amongst 
themselves to coordinate the healing process. Cell migration and wound repair are 
additionally influenced by injury-induced release of factors from the cells themselves and 
neurons innervating the epithelium. Most recently and in this study, we demonstrated that 
crosstalk between neuronal and epithelial cells is mediated through both glutamatergic 
and purinergic receptors, which facilitates complex Ca2+ mobilization after injury 
(Oswald et al., 2012). When epithelial cultures were treated with neuronal wound media, 
there was an intricate Ca2+ mobilization, where an initial sharp increase in Ca2+ was 
followed by a secondary Ca2+ rise that oscillated and lasted for a longer duration (Fig. 3-
3). Furthermore, we showed that addition of apyrase to wound media and cultures 
attenuates the initial Ca2+ mobilization, whereas treating epithelial cells with inhibitors 
for glutamatergic receptors diminishes the secondary response (Fig. 3-33). These results 
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showed that neuronal wound media contained both glutamatergic factors and nucleotides, 
suggesting that both purinergic and glutamatergic signaling pathways are involved in the 
wound-induced crosstalk between neurons and corneal epithelial cells. 
In subsequent experiments, we examined the effect of hypoxia on Ca2+ 
mobilization after injury. We found that epithelial cells cultured in low oxygen levels 
display diminished Ca2+ mobilization upon neuronal wound media treatment (Fig. 3-4). 
To facilitate our analysis ofCa2+ signaling in this study, we developed an algorithm to 
examine the complex communication between cells. Treating HCLEs with neuronal 
wound media generated a complex Ca2+ wave that propagated throughout the observed 
field. Thus, it was important to elucidate Ca2+ dynamics and analyze the temporal and 
spatial data to understand the pattern of events. However, current Ca2+ signaling analysis 
methods are based on region of interest (ROI) analysis, which are often manual, labor-
intensive and subjective (Mukamel, Nimmerjahn,&Schnitzer, 2009). Furthermore, these 
analyses cannot clarify crosstalk in the signals between epithelial cells such as the 
formation of clusters, restricting us from gaining biological insights. To overcome this, 
we developed an automated analysis of Ca2+ signals, using Matrix Laboratory (MA TLAB) 
to run a standardized Ca2+ signaling-sorting algorithm, which was custom-written by 
Kelsey Derricks from Dr. Matthew Nugent's laboratory at Boston University. The 
algorithm was designed on basic principles to extract location and crosstalk between 
activated cells upon the addition of neuronal wound media. 
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The algorithm was used to evaluate how cells are activated and form clusters 
post-injury, and identify the level of activity that is required to excite other cells and form 
yet more clusters, propagating the signal over a large area of cells. We determined that 
the cells respond in very different patterns when activated by both glutamatergic factors 
and ATP or by the release of ATP alone (Fig. 3-4). When the cells were cultured under 
hypoxic conditions, the products secreted by neurons elicited a modified response, 
including a decrease in cluster number. These data were supported by a change in 
localization of the NMDA receptor, whose function appears to depend on its localization 
at the cell membrane. These findings indicate that the signaling depends on Ca2+ 
mobilization, which when impaired is unable to mediate wound repair. 
Hypoxia abrogates Ca2+ mobilization in epithelial cells upon injury. 
In order to further dissect hypoxia-induced alterations in Ca2+ mobilization, we 
performed live-cell imaging using epithelial cell cultures. We found that hypoxia 
abrogated Ca2+ signaling, and there were three distinct alterations in injury-induced Ca2+ 
mobilization: 1) the distance the Ca2+ wave traveled upori injury was significantly 
diminished under hypoxia, 2) HCLEs under hypoxic conditions required the recruitment 
of Ca2+ from an external source to initiate a Ca2+ release, and 3) HCLEs incubated with 
either an intracellular Ca2+ chelator or inhibitor diminished Ca2+ mobilization as seen in 
hypoxic conditions (Fig. 3-6). 
Under hypoxic conditions a number of labs, including ours, have shown that there 
is a decrease in ATP (Frezzaet al., 2011, Guoet al. , 2007). The hypoxia-induced decrease 
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in ATP may attenuate the activation ofpurinergic signaling pathways upon injury. 
Because ATP has been shown to modulate intracellular Ca2+ homeostasis via Ca2+ 
ATPase expressed on both the ER and the plasma membrane, lower A TP levels may 
impede Ca2+ mobilization (Brini&Carafoli, 2011). This possibility is supported by 
observations where cells pre-incubated with thapsigargin showed no additional decrease 
in Ca2+ mobilization under hypoxic conditions. Thapsigargin is a potent inhibitor for all 
known family of Sarcoplasmic or Endoplasmic Reticulum ATPase pumps (SERCA) 
expressed on the ER, and that induces Ca2+ release and inhibit Ca2+ uptake 
(Lytton&MacLennan, 1988, Lyttonet al., 1991). BAPTA-AM experiments also support 
the premise that hypoxia disrupts the modulation of intracellular Ca2+ dynamics, i.e., 
when the intracellular Ca2+ ions were chelated, the Ca2+ wave was locked at the origin of 
wound as seen under hypoxia. Thus, these results could be due to either a depletion of 
Ca2+ from intracellular stores under hypoxia or the inability to release Ca2+ from the 
stores (Kaczmareket al., 2005, Luckhoff&Clapham, 1994, Lyttonet al. , 1991). 
Another possibility that may contribute to hypoxia-induced changes in Ca2+ 
mobilization is alterations in mechanisms that controls intracellular Ca2+ homeostasis. It 
is important to note that epithelial cells may predominantly mobilize Ca2+ from the 
external milieu upon injury, because the levels of detected fluorescence intensity were 
similar between normoxia and hypoxia, when the Ca2+ response was induced with 
HEPES buffer containing Ca2+ (Fig. 3-6 D). One could then speculate that an increase in 
intracellular Ca2+ may expand Ca2+ mobilization by initiating entry of extracellular Ca2+ 
157 
into the cell. Ca2+ may act as a secondary messenger to induce an intracellular Ca2+ rise. 
Ca2+ has been sho\VIl to induce internal Ca2+ release through a ryanodine receptor (RYR)-
mediated Ca2+-induced Ca2+ release (CICR) (Larmer, Georgiou, Joshi,&Hamilton, 2010). 
Possibly, a disrupted CICR process may contribute to attenuated Ca2+ mobilization seen 
under hypoxic conditions. 
Hypoxia induces changes in factors important for the extension of Ca2+ mobilization: 
Afunctional role of hemichannels and purinergic receptors 
To determine how hypoxia abrogates injury-induced Ca2+ mobilization, the 
functionality of hemichannels and purinergic receptors was examined by FRAP 
experiments. We found that hypoxic conditions diminished the functionality of gap 
junctions (Fig. 3-11). These data suggest that the attenuated Ca2+ propagation could be 
partly affected by impaired gap junctions. Given the role of gap junctions in forming 
internal channels, the decrease in their functionality may block pathways for molecules 
involved in Ca2+ mobilization to travel further from the originating cell to adjacent ~ells. 
Previous work from our lab and this present study demonstrated that corneal 
epithelial cells express a family ofhemichannels (Klepeiset al. , 2001 , Oswaldet al ., 2012). 
In particular, we focused on connexin 43 (Cx 43), and found that hypoxia did not alter the 
localization of Cx 4 3. Data suggest that the attenuated functionality of hemichannels in 
epithelial cells may involve other mechanisms such as changes in the phosphorylation 
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state of connexin proteins that regulate gating-functions of channels (Spray, 
Y e,&Ransom, 2006). A future study will test whether hypoxia induces changes in the 
phosphorylation state of connexins. 
In addition, we demonstrated that the purinergic receptors respond differently to 
changes incurred by hypoxia. To minimize the effect of decreased levels ATP under 
hypoxia, cells were stimulated with high concentrations (1 00 1-1M) of specific agonists for 
each receptor (Fig. 3-10). When cells were stimulated with BzATP, there was a 
significant decrease in the P2X7 receptor-mediated Ca2+ mobilization. In contrast, UTP 
stimulation had a minor reduction in the levels of Ca2+ mobilization. 
The P2X7 receptor is an ionotropic purinergic receptor that has gating properties 
by forming a nonselective cationic channel upon activation. It has been shown to play a 
critical role in cell proliferation and in relaying extrinsic signals during corneal wound 
healing (Mankuset al. , 2011 ), by facilitating the recruitment of Ca2+ from external 
sources. Previous studies have shown that the A TP binding site is localized between two 
subunits and that the space between the subunits is important for receptor specificity 
(Marquez-Klakaet al. , 2007, Wilkinson, Jiang, Surprenant,&North, 2006). While early 
studies have suggested that the binding of three A TP molecules was necessary for the 
gating, more recent studies have shown that the binding of one or two molecules is 
sufficient enough induce gating function. However, the channel exhibits different 
activation states with the number of occupied binding sites (Y arret al. , 201 0). Thus, our 
observation suggesting that P2X7 receptor functionality was attenuated may be due to 
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changes in the trim eric structural conformations which may alter A TP binding domains 
of the receptor. Furthermore, we speculated that hypoxia-induced reduction in ATP 
concentrations could result in lower availability of A TP, which could induce a decrease 
in occupancy of binding sites. Taken together, these results suggest that epithelial cells 
undergo changes in the efficacy of purinergic receptor signaling pathways that regulate 
the ci+ mobilization in response to a decrease in oxygen level. 
b. The role of glutamatergic signaling pathways in corneal wound response and the 
effect of hypoxia 
Our lab demonstrated that Ca2+-mediated communication occurs between neurons 
and epithelial cells in response injury, showing that both purinergic and glutarnatergic 
receptors and their intercommunication are necessary to modulate wound healing 
between the corneal epithelium and the nerves that innervate it (Oswald and Lee et al. 
2012). We found that a reduction in oxygen levels causes changes in the staining patterns 
ofNMDAR-1 in both wounded and unwounded epithelial cultures. Hypoxic epithelial 
cells displayed a more diffuse and cytosolic staining compared to normoxic cultUres in 
which NMDAR-1 was detected at cell junctures. These results indicate that hypoxia 
mediates the regulation ofNMDA receptors. Although there was an overall decrease 
from the normoxic to the hypoxic condition, the greater NMDAR-1 staining in the 
cytosol ofHCLEs implies that hypoxia may affect the trafficking ofNMDAR-1 to the 
plasma membrane, where it normally functions. 
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A previous study revealed that hypoxia attenuates the activity of specific NMDA 
receptor isoforms. While a hypoxia-induced reduction in NR1/NR2D receptor currents 
was reported, it was accompanied by the finding that there was an increase in NR1/NR2C 
receptor currents (Bickler, Fahlman,&Taylor, 2003). Because NR2D subunits are mainly 
found in the developing brain of neonates, whereas NR2C subunits are expressed in the 
cerebellum of adults, it was concluded that NMDA receptors from neonatal neurons are 
inhibited by hypoxia. Our lab has shown that corneal epithelial cells also express mRNA 
of both NR2D and NR2C (Oswaldet al., 2012). We speculate that the NR1 subunit 
associates with the NR2D subunit in corneal epithelium, and the NR1 subunit is 
suppressed by hypoxia. Suppression ofNMDA receptors under hypoxia is actually 
thought to be beneficial to cells, as these receptors mediate glutamate excitotoxicity in 
response to stress (Wrogeet al. , 2012). 
We also examined the possible role of pannexins in the dynamic crosstalk and 
found that there could be a relationship between pannexin pores and glutamatergic 
signaling. When glutamaterigic signaling was inhibited with a cocktail of glutamate 
receptor antagonists, pannexin levels decreased, suggesting that the activation of 
glutamaterigic signaling is necessary for the upregulation of pannexin pores. Previous 
work has implicated a similar mechanism in astroglial cells, where independent signaling 
through ATP or glutamate converged on pannexin pore formation (Orellanaet al., 2011). 
Furthermore, previous studies found a direct relationship between pannexin channels and 
the regulation of released ATP-mediated signal transmission (D'Hondtet al., 2011 , R. 
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Iglesias, Dahl, Qiu, Spray,&Scemes, 2009, R. M. Iglesias&Spray, 2012). Because we 
observed decreased ATP levels and altered NMDA receptor localization, hypoxic stress 
on cells may induce changes in the modulation of pannexin activation along with other 
downstream targets, ultimately contributing to impaired Ca2+ mobilization. Our work, 
however, does not provide evidence as to whether hypoxia directly affects the regulation 
of pannexin pore localization. Future studies are necessary to see if the pannexin staining 
pattern or its protein expression changes when epithelial cells are cultured under 
decreased oxygen levels. 
c. Hypoxia induces delayed cell migration and wound closure 
In the organ cultures, the rate of epithelial migration and wound repair was 
delayed under hypoxia compared to normoxic controls. At 12 hours there was a lack of 
lamellipodial extensions at the leading edge that correlated with a lack of superficial cells 
and a decrease in paxillin (Fig. 3-18) (Lamorteet al., 2003, Turner, Glenney,&Burridge, 
1990, Yin, Lu,&Yu, 2008). In both the in vitro and organ culture experiments, hypoxia 
appeared to delay the recruitment of paxillin to the focal adhesion complex. We 
demonstrated that hypoxia induces a decrease in detected localization oftotal-paxillin 
when HCLEs were exposed to the cytoskeleton buffer (Fig. 3-17B). This extraction 
procedure using Triton X -1 00 retains and stabilizes cytoskeletal frameworks and their 
membrane-bound insoluble proteins. (Dang, Yang,&Pollard, 1983, Gilbert&Fulton, 1985, 
Lenk&Penman, 1979). Increased levels ofthe cytoskeletal complex-bound insoluble 
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form of paxillin under normoxia in response to injury, along with a decrease in detectable 
paxillin under hypoxic conditions, suggest that hypoxia disrupts the membrane-
cytoskeletallinkage, which contributes to a decrease in the rate of wound repair. 
A similar decrease in focal adhesion proteins occurred rapidly when renal 
proximal tubule cells were exposed to a mitochondrial inhibitor or conditions of 95% N2 
and 5% C02 (Liu&Schnellmann, 2003). These findings indicate that the change in cell 
permeability and linkage of proteins with the membrane is dependent on the extracellular 
environment and cell type as the corneal epithelium is exposed to fluxes in 0 2 daily. 
Additionally, other investigators have performed reoxygenation experiments (Weinberg, 
Venkatachalam, Roeser, Senter,&Nissim, 2001), while others have shown that under 
hypoxia, oxygen consumption changes and cells maintain oxidative phosphorylation at 1% 
oxygen (Frezzaet al. , 2011). Other studies have shown that delayed re-epithelialization 
after injury can precede stromal ulceration and may correlate with a change in substrate 
and increase in matrix metalloproteinases (Finiet al., 1996) Additionally, we 
demonstrated a decrease in fibronectin along the basement membrane zone in wounded 
cells under hypoxic conditions (Nishidaet al. , 1983, Zieskeet al. , 1987). However, the 
unwounded cells showed no change. Investigations to determine changes in integrin 
complexes along with other focal adhesion proteins are a focus of future work. 
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d. Hypoxia induces changes in the expression of proteoglycans and ECM proteins in 
the corneal stroma 
When there is a corneal injury, keratocytes transform into corneal fibroblasts or 
myofibroblasts, and synthesize ECM proteins important for wound repair including Type 
III collagen, fibronectin and smooth muscle alpha actin (SMA). In the construct, there 
was a transient increase in fibronectin expression. The absence of SMA positive cells in 
hypoxia suggests that physical injury maybe required. 
Our studies using the stromal construct demonstrated that hypoxia rapidly alters 
the expression of ECM components in the stromal part of the cornea. Data suggest that 
hypoxia may alter the expression of markers for corneal injury. Interestingly, we found 
that hypoxia significantly increases perlecan expression, and the increase is correlated 
with corneal injury. (C. T. Brownet al. , 1999, Inomataet al., 2012). We speculate that 
hypoxia changes the regulation of sulfated GAG chains and association with collagen 
fibrils. These changes would be manifested under the conditions of trauma. Because 
interplay between these two components provides the structural characteristic of the 
corneal stroma, it is conceivable that changes in perlean caused by hypoxic stress may 
alter matrix organization of the stroma. Other investigators showed that perlecan can 
regulate the adhesion of the epidermis to extracellular matrix components in the skin 
(Breitkreutz, Koxholt, Thiemann,&Nischt, 2013). When P2X7 receptors were knocked 
down in a mouse model, there was an increase in perlecan in the stroma and a change in 
sulfated GAGs, ultimately leading to deteriorated epithelial attachment to the corneal 
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stroma (Mankuset al., 2012). To verify whether hypoxia induces the upregulation of 
perle can expression, future studies are needed to evaluate the protein levels of these 
proteoglycan cores. 
In the stromal constructs, we found that hypoxia increased the lysyl oxidase 
(LOX) transcripts. The increase in LOX expression may induce abnormalities in the 
architecture of extracellular matrix proteins, contributing to poor outcomes during wound 
repair. Lysyl oxidase catalyzes the oxidation ofpeptidyllysine and hydroxylysine 
residues, leading to the cross-linking of collagens and elastin (Lucero&Kagan, 2006). 
Studies have shown that increased LOX expression is linked with pathological conditions. 
Fibrotic diseases display excess ECM and excessive LOX-cross-linking (Rodriguez, 
Rodriguez-Sinovas,&Martinez-Gonzalez, 2008). In tumor cells, the hypoxic environment 
results in increased LOX expression, which is correlated with the upregulation of tumor 
metastasis (Erleret al., 2009). In a diabetic retinopathy model, high glucose levels have 
been shown to increase LOX expression, which was associated with altered extracellular 
matrix (Chronopoulos, Tang, Beglova, Trackman,&Roy, 2010). A time-course study on 
LOX expression at both mRNA and protein levels showed that while LOX protein levels 
were relatively constant, LOX mRNA expression correlated with collagen fiber 
accumulation in the dermis of chick limb bud (Yamazaki, Mikami, Yuguchi, 
Namba,&Isokawa, 2012). Therefore, a hypoxia-induced increase in LOX mRNA 
expression may lead to changes in the corneal stromal matrix. In our model, examining 
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LOX expression at both protein and mRNA levels with multiple time-points will allow us 
to gain a better insight in hypoxia-induced changes in the matrix of the stroma. 
Hypoxia also decreases the expression of collagens and proteoglycans. The 
expression may be correlated with the decreased sulfation of GAG chains as detected by 
Cuprolinic blue. It is probable th_at a stressful environment caused by hypoxia could lead 
to alterations in the regulation of proteoglycans, creating unfavorable structural 
conditions for wound repair. Supporting evidence comes from a number of proteoglycan-
knocked out mouse models. The lumican knockout mice exhibited corneal opacity with 
age, which was associated with alterations in collagen fibril architecture (Chakravartiet 
al., 2000), while the decorin null mouse model has altered collagen fibril morphology and 
reduced tensile strength ofthe skin were detected after injury. (Danielsonet al., 1997, 
Iozzo&Murdoch, 1996). In addition, decorin was implicated in the modulation of 
collagen fibrillogenesis (C. T. Brownet al. , 2002). When the synthesis of dermatan sulfate 
proteoglycans was blocked, there was a change in the interface between fibrils, while 
fibril diameter remained constant (Hahn&Birk, 1992, Nakazawaet al. , 1995). It will be 
necessary to examine the decrease in the sulfation of specific GAG chains. The dramatic 
change in ECM components after a 48 hour exposure suggests that cells respond rapidly 
modify the stromal matrix. Together these data suggest that ECM alterations may lead to 
potential changes in corneal functions. For instance, there could be alterations in 
electrostatic interactions between growth factors and ECM molecules, potentially leading 
to degradation of the corneal matrix. 
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Conclusions 
Activation of wound repair after injury induces a wide range of changes in 
cellular response that involve cell migration, proliferation and matrix assembly. Because 
the cornea is an avascular and highly innervated tissue that displays relatively rapid 
wound healing, we were able to examine the effect of hypoxia on wound healing 
mechanisms, using both in vitro and ex vivo corneal models. Taken together, our results 
suggest that complex Ca2+ -mediated signaling occurs between sensory neurons and 
epithelial cells post-injury and is critical to proper wound closure (Fig. 5-l ). The 
signaling appears to require activation of both purinergic and glutamatergic pathways and 
synergistic interactions between them to modulate Ca2+ mobilization. The change that 
occurs after hypoxia affects various events important for the success of wound healing, 
including changes in localization ofNMDAR, distance of Ca2+ wave propagation and 
phosphorylation of focal adhesion proteins such as paxillin. Furthermore, there were 
changes in the localization and expression of extracellular matrix proteins important for 
cell migration and matrix re-assembly such as fibronectin, collagens, and proteoglycans. 
These results demonstrate that hypoxia alters nucleotide/glutamate-induced Ca2+ 
mobilization, resulting in impaired cell-cell communication and delayed wound repair. 
Information revealed by these studies will contribute to an enhanced understanding of 
wound repair under compromised conditions, and may provide insight into ways to 
effectively stimulate proper epithelial repair in pathologic conditions. 
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Future directions 
Evidence from this work highlights the importance of proper Ca2+ mobilization 
during wound repair. Our previous work has demonstrated that purinergic receptor-
mediated Ca2+ signaling governs initial events after injury, and induces changes in many 
downstream targets involved in cell migration and cytoskeletal reorganization. We have 
extended our knowledge on the modulation of Ca2+ signaling by examining the 
interacting between purinergic and glutamatergic receptors, and how hypoxic stress alters 
these two signaling pathways. Notably, hypoxia induced alterations in the regulation of 
the Ca2+ response, where overall cell-cell communication was impaired, suggest that the 
effect ofhypoxia has global impacts on wound repair of the cornea. Further 
investigations on the regulation of purinergic and glutamateric receptors are required, and 
the area of focus would involve the expression of these receptors at the protein level 
under pathological conditions. In addition, exploring the role of pannexins in the 
regulation of Ca2+ mobilization will provide more insight on the feedback signaling 
between neuronal and epithelial cells during wound repair. Furthermore, it will be 
interesting to test if organ culture models display diminished Ca2+ mobilization under 
hypoxia as seen the in vitro model. 
Additionally, our work suggests that Ca2+ signaling can affect the regulation of 
migration associated/ECM proteins. In support of this observation, previous and present 
works from our lab demonstrated that the phosphorylation and localization of paxillin is 
modulated by nucleotides. Because paxillin is a key component for focal adhesion 
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complexes that interact with extracellular molecules during directed cell migration, we 
speculate that attenuation of this protein contributes to impaired wound closure. Further 
study, however, is necessary to fully understand hypoxia-induced changes in focal 
adhesion formation. A focus of future work will be on examining interactions between 
specific integrin complexes and ECM components along with other focal adhesion 
proteins after injury. 
Further evaluation is required on the underlying mechanisms that induced changes 
in ECM proteins in the stroma to understand hypoxic-induced changes in signaling 
cascades. It is necessary to determine changes in the expression of proteoglycans at the 
protein level. Further elucidation of the regulation of corneal matrix synthesis will allow 
us to understand early changes that occur in corneal diseases and also to engineer cornea 
tissue. Our ultimate goal is to uncover a novel purinergic and glutamatergic signaling 
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Fig. 5-1. Hypoxia induces changes in nucleotide/glutamate-induced Ca2+ 
mobilization, resulting in impaired cell-cell communication and delayed wound 
repair. 
Hypoxia affects various events important for the proper wound repair of injured tissue. 
There was diminished Ca2+ mobilization, which accompanied changes in the purinergic 
signaling pathway, localization ofNMDA receptors and distance of Ca2+ wave 
propagation. Furthermore, there were changes in the localization and expression of 
extracellular matrix proteins important for cell migration. There was a decrease in the 
phosphorylation of focal adhesion proteins such as paxillin and alterations in matrix 
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